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This thesis provides an understanding of the correlation in change of partial discharge (PD)
characteristics with the chemical nature of impurities present within dielectric fluids when measured in a
needle-plane geometry. Such knowledge could prove vital to support development of a field-deployable
diagnostic for dielectric fluids. A reproducible method for applying a protective coating upon the plane
electrode to maintain consistent measurements has been developed and demonstrated to be imperative for
obtaining PD signatures. Experiments were conducted with hexadecane, which is a relatively pure base
fluid. Chemicals commonly associated with ageing processes that occur in dielectric fluids, which include
oxidation of fluid, thermal degradation of cellulose, and deposition of copper sulfide from thermally
degenerated sulfur-containing compounds were added to hexadecane. Partial discharge inception voltage
(PDIV), PD burst characteristics, and phase resolved pattern were correlated to the additive’s
experimentally known or computationally calculated electrochemical properties. In general, the presence
of low ionization potential compound increases ionization and eases the formation of avalanches relative
to pure hexadecane. PD pulse rate is suppressed for negative streamers with compounds exhibiting
positive electron affinities (EA), as was evident for paper degradation compounds, polycyclic aromatic
compounds, and corrosive sulfur compounds. Deviations from these results were seen with carboxylic
acids which reduced the number of negative streamers even though they exhibit negative EA, and could
be attributed to a large electron capture cross section from hydrogen bonding. Copper sulfide particulates
cause large changes in PD characteristics as a result of its semi-conductive nature. Degradation impurities
provide distinct PD pattern signatures that can be easily seen in an illustrative phase resolved PD pattern.
Overall, acquiring the number of positive and negative streamers within a certain timeframe, along with
the examination of the distinct PD pattern, gives more insight into the altering chemistry of the insulating
fluid as compared to the statistically insignificant PDIV or dielectric breakdown test.
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CHAPTER 1
Introduction
Organic insulating fluids are used widely in fluid filled high voltage (HV) equipment such as
transformers, capacitors, pipe-type cables, and older circuit breakers for the transmission and distribution
of electric power. Fluids are used to impregnate paper insulation in transformers, cables, and capacitors,
to cool the core and windings of transformers and cables through convective heat transfer, and to effect
arc extinction in circuit breakers [1]. Liquid dielectrics are used extensively as a result of their greater
electrical breakdown strength and thermal conductivity relative to gaseous insulators, and their ability to
self-heal often makes them more practical than solid insulators [2]. During the life of a liquid dielectric,
the insulation may deteriorate gradually as a result of electrical, thermal, mechanical, and chemical
stresses and the interactions among these stresses, which can cause failure in extreme cases. As with all
insulation systems, failure can cause a great deal of damage, whether physical, environmental, or
financial, which encourages monitoring and maintenance of insulation integrity to ensure safe, reliable,
and uninterrupted operation. Monitoring liquid insulation integrity is important to identify any
degradation and determine what type of corrective action should be undertaken.
Methods have been devised to obtain electrical, chemical, and physical characteristics of a liquid
dielectric, including the breakdown voltage at power frequency [3-5], partial discharge inception voltage
(PDIV) [6, 7], dissolved gas analysis, total acid number [8], dielectric loss tangent, interfacial tension, and
volume resistivity, among others, all of which indicate the presence of impurities within the fluid.
Common electrical characterization techniques [3-7] provide only a single parameter metric of insulting
fluid quality and often give statistically insignificant results. Partial discharge (PD) has potential as a
diagnostic of fluid dielectric condition based on its multidimensional nature which is sensitive to many
aspects of fluid chemistry. The motivation of this thesis is to provide an understanding of the relationship
between “the chemistry of fluid ageing” and changes in the PD characteristics of the fluid when measured
in a needle-plane geometry in order to support development of a field-deployable diagnostic for dielectric
fluids. PD-related metrics include PDIV, PD burst characteristics, and phase resolved PD pattern, and
these need to be related to the chemical composition of the fluid in order to develop a useful diagnostic.

1

Such an understanding would allow changes in PD characteristics to be related to the loss of insulating
properties.

1.1 Classification of Dielectric Liquids
Dielectric liquids consist of a large number of materials and can be divided into natural and synthetic
organic liquids and inorganic liquids. Saturated and unsaturated hydrocarbons are the most important
classes of natural organic liquids which contain a wide range of molecular species which can be classified
as paraffinic (straight and branched alkanes), naphthenic (cycloalkanes that may include branched or
linear side chains), and aromatic. Hydrocarbon dielectric liquids are usually refined from crude oil and are
also known as “transformer oil” or “mineral oil”. Recently vegetable oils are being used to replace
mineral oils in distribution apparatus for environmental reasons. These liquids are ester compounds
derived from castor, corn, linseed, rapeseed, olive oils, etc.
Synthetic liquid dielectrics can be substituted hydrocarbons, such as chlorinated biphenyls. These
liquids have excellent electrical insulating properties and do not decompose easily under normal service
conditions; however, as a result of toxicity, the use of this class of dielectric fluids has been eliminated
from the electrical industry. Halogen-free synthetic liquids are also available, such as polydimethylsiloxane, which is used in electrical equipment subjected to a wide range of temperature or where fire
retardance is very important. The most important synthetic dielectric liquids are alkylbenzene and
polybutene, which are commonly used in pipe-type cables. However, their use is limited due to high
manufacturing costs. Superconducting power apparatus is often insulated with a cryogenic liquid such as
nitrogen or helium. Highly purified water is used as a dielectric in low impedance transmission lines
which operate under transient conditions [1, 2, 9, 10].
Transformer oil (mineral oil) is the most commonly used dielectric liquid in electric power delivery
equipment. Transformer oil is specially engineered to meet the requirements for good electrical insulation
and heat transfer with the key physical attributes being high dielectric strength, low viscosity, and low
pour point. Other general characteristics of transformer oils are a high density for optimum thermal
conductivity, low relative permittivity r≈2, conductivity less than 10-12 S/m [2], and a dissipation factor
<10-3 at 50/60 Hz [11]. The physical characteristics of transformer oil are determined largely by
naphthenic and paraffinic compounds, as those compounds constitute the majority of the fluid. A fluid is
2

defined as naphthenic or paraffinic based on the dominant component, and with near equal fractions, the
oil is known as “mixed” [1]. Naphthenic based mineral oils are used widely because they do not “wax” at
lower temperatures, which reduces fluidity [1, 2, 9]. Aromatic compounds influence the chemical
behavior of a dielectric fluid, as such compounds are generally reactive due to unsaturated double bonds.
The aromatic content also influences the physical properties, and an optimum concentration maintains
thermal properties similar to purely paraffinic or naphthenic oil, good oxidation stability, and excellent
gas absorbing characteristics [9, 12]. Oils are generally known as weakly aromatic when the aromatic
content is less than 5% and highly aromatic when greater than 10% [1].

1.2 Ageing Processes in Dielectric Liquids
The main ageing effects seen in fluid filled electrical equipment are associated with oxidation of the
fluid which contributes to reduced volume resistivity and interfacial tension and increased dielectric loss,
total acid number, and dissolved gas [13-19]. Bond cleavage can occur when liquids are subjected to heat,
“hot” electrons, and/or UV radiation from electrical discharges to form very reactive free radicals. Small
fractions of cleaved molecules can react with one another to generate low molecular weight gases that
dissolve in the oil and which can be detected with dissolved gas analysis (DGA) based on gas
chromatography. Large free radicals can combine to form higher molecular weight compounds that form
insoluble colloidal suspensions, known as “sludge” or “x-waxes”. Molecular oxygen in the presence of
free radicals results in the formation of water, alcohols, and carbonyl groups (aldehydes, ketones,
carboxylic acids). This process is known as auto-oxidation and arises from the paramagnetic nature of
molecular oxygen, as its ground state contains two unpaired electrons that are very reactive with the
unpaired electron of a free radical. For the detailed explanation of the auto-oxidation reactions, the reader
is referred to [20] which provides a thorough examination of the oxidative chemical reactions that occur
during surface and interfacial tracking of crosslinked polyethylene, ethylene propylene rubber, and
silicone rubber compounds. In this thesis, Chapter 5 is devoted to the effects of oxidative degradation
compounds on the PD characteristics of liquid dielectrics. Chapter 7 presents results from accelerated
thermal and electrical ageing of hexadecane.
As the majority insulation in fluid filled electrical equipment consists of composite liquid-paper
dielectric systems, a great deal of work has been devoted to understanding the mechanisms of thermal,
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oxidative, and hydrolytic cellulose degradation. Depolymerization of cellulose results in furans and other
related compounds of which 2-furfuraldehyde is the most common. A review of the low temperature
degradation of cellulose and the formation mechanisms of 2-furfuraldehyde is given in [21].
Relationships have also been established between the degree of polymerization (DP) of the paper and the
concentrations of furan compounds, oxygen, and dissolved water in the oil which indicate that greater
concentrations of these compounds are correlated with greater DP, which results in embrittlement of the
paper and loss of mechanical strength [21-27]. Chapter 5 also examines the effect of cellulose degradation
products on the PD characteristics of liquid dielectrics.
As transformer oil is refined from crude oil, sulfur-containing compounds are often present within the
fluid. Elemental sulfur has a high reactivity towards metals, which is why many natural metal ores are
sulfides. The windings of a transformer are made of copper, and the presence of dibenzyl disulfide within
transformer oil, combined with heat generated by dissipation within the transformer, are the principle
contributors to deposition of copper sulfide [28-31]. Deposition of semi-conductive copper sulfide is
detrimental to transformers as it tends to accumulate on the conductor surface from which it migrates into
the paper insulation, reducing the dielectric strength between coil windings, which can trigger intercoil
breakdowns. Copper sulfide suspended within the bulk fluid can also cause electrical discharges between
leads and the grounded tank [28-30]. Metal passivators are used to mitigate the detrimental effects by
binding to the copper to eliminate copper sulfide deposition. More detail is given in Chapter 6, which
focuses on the effects of aromatic and corrosive sulfur compounds on the PD characteristics of dielectric
liquids.

1.3 Fundamentals of Partial Discharge
According to IEC 60270 [32], the term “partial discharge” is defined as a localized electrical
discharge that partially bridges the insulation between electrodes, such as discharge within a cavity in a
solid dielectric or a bubble within a liquid dielectric. PD within cavities of solid insulation materials and
in low density regions of liquid dielectrics initiates once the electric field is high enough that the rate of
electron generation exceeds the rate of electron loss over a distance sufficient to create a “streamer” and
an electron is available to start the discharge process [33-35]. An electron avalanche is based upon
Townsend’s first ionization coefficient  [33] given by
4

é -B ù
ú
a = A ⋅ exp ê
êë E úû

(1-1)

where A and B are gas constants and E is electric field. In most systems, free electrons are generated by
cosmic rays or naturally occurring radiation [36, 37]. It has been suggested that transition to a streamer
takes place when an avalanche contains about 108 electrons [34].
The phenomenon of PD is of great practical interest in the electric power delivery industry. The
presence and magnitude of PD are important criteria for the early detection of degraded insulation
systems and the assessment of manufactured product quality. The most difficult task is interpreting the
PD data and determining “remaining life”, i.e., the time the insulation material may stay in service before
damaging and costly failure can occur.

1.3.1 Characteristic Parameters of PD Current Pulses
PD pulses often have sub-nanosecond rise times, as demonstrated experimentally in 1981 through use
of the first real time, single shot 1 GHz oscilloscope [38]. In oils, PD rise times are much longer,
generally in the s range [39]. The PD pulse parameters depend on the magnitude and shape of applied
voltage, as well as on gas pressure and size of the gaseous inclusions according to Paschen’s law. The
most suitable PD quantity for evaluation of its intensity is its pulse charge, which can be determined by
the current-time integral given in Equation (1-2), where q is charge, I is current, and t is time.
¥
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A PD source is generally not directly accessible in HV apparatus, unless PD couplers are installed at
the time of manufacturing, as is common for gas insulated switchgear and rotating machines, or “free
space” PD detection is utilized to detect the electromagnetic wave generated by the PD. Most often, PD
pulses are detected via wires to terminals of the test object. This means that the exact shape of the original
PD current pulses is not directly measurable, as the fall times, and pulse duration, can vary over a wide
range as a result of distortion of the PD pulse by means of high frequency attenuation and elongation of
the pulse as the signal propagates along a signal path from the source to the measurement location.
Regardless of the distortion of the signal, integration over time will always result in the same measured
charge.
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When an insulation system containing cavities is energized, the voltage appearing across the cavity
will follow the waveform of the applied voltage on the test object. If the electric field within the cavity is
greater than the breakdown strength of the gas and an initiating electron is present that has a sufficient
mean free path to the cavity wall in the direction of the field to cause impact ionization, an electron
avalanche or streamer will grow. The conductivity of the streamer causes the electric field across the
cavity to collapse, and the streamer will terminate once the field falls below that necessary to sustain its
growth. The collapse of the electric field within the cavity results in an increase in capacitance between
the electrodes, resulting in a transient voltage drop between them. When an alternating voltage Ua is
applied to the test object, the voltage that appears across the cavity can be given by

C
b
U =U ⋅
c
a C +C
b
c

(1-3)

where Cb is the capacitance of the healthy insulation in series to the cavity and Cc is the internal
capacitance of a gaseous inclusion within a solid or liquid dielectric. Figure 1-1 shows the waveform of
the voltage across the cavity as discharges occur. Since the time scale is in the nanosecond domain, many
sequential discharges may occur which appear as pulse like currents and can be superimposed on the
power frequency voltage waveform.

Figure 1-1. Graphical representation of the voltage appearing across a gaseous cavity under AC conditions.
(a) ut is applied voltage on the test object, u10(t) is the voltage across the void if it does not break down, uZ is
the polarity-independent breakdown voltage, and u1(t) is the voltage waveform across the void during
breakdowns at time intervals t. (b) Pulse-like currents i(t) from the discharges are superimposed on the power
frequency capacitive current [39].
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As can be seen in Figure 1-1, characteristic PD signatures can be displayed over one cycle of the AC
test voltage (16.7 ms for 60 Hz) in phase resolved PD patterns. PD current pulses tend to appear in pulsetrains with polarity similar from the applied AC voltage. For cavities in solid insulation, the number of
discharges increases with applied test voltage, but the amplitudes remain nearly constant as discharges
tend to occur at nearly constant changes in the applied voltage. Conversely, PD amplitudes are increased
with an increase in the applied voltage for surface tracking and PD in liquids because of a less restricted
volume of gas which allows streamers to grow. As was mentioned earlier, the charge from the discharge
site is not measurable directly, and only the transient voltage drop appearing across the test object is
detected. The “apparent charge” measurable in picocoulombs (pC) is given by

q = C DU = C DU
a
b
c
a
a

(1-4)

where Ca is the total capacitance of the insulation system. Apparent charge is defined as the charge
injected at the test object terminals that causes a charge at the measurement location which is equal to that
from the PD [32]. In this context, “calibration” does not improve our knowledge of the PD source but
only assures that measurement on the same test object made in various laboratories results in the same
measured charge.

1.3.2 PD Measurement Circuits
IEC Standard 60270 recommends specific PD measuring circuits to ensure reproducible and
comparable results which are shown in Figure 1-2. The most common circuit is shown in Figure 1-2a, in
which measuring impedance Zm is in series with a coupling capacitor Ck, both of which are in parallel
with the test object, Ca. The coupling capacitor, Ck, has a much greater power frequency impedance than
the measurement impedance Zm, and therefore drops most of the test voltage so that power frequency
interference across Zm is negligible. The blocking impedance Z placed between the HV source and the
test object reduces high frequency interference from the voltage source and limits propagation of PD
signal energy into the voltage source. Detection sensitivity can be increased if Zm is placed in series with
the ground of the test object; however, unexpected breakdown of the test object could damage Zm (Figure
1-2b). External electromagnetic influence can be reduced if the bridge circuit in Figure 1-2c is employed.
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Figure 1-2. Basic PD measuring circuits recommended in IEC 60270, where the measuring impedance Zm is
in series with the coupling capacitor Ck (a), Zm in series with the test object Ca (b), and a balanced bridge with
the reference branch Ca* and Zm* in parallel to the test branch [39].

1.4 Pre-Breakdown Phenomena in Liquid Dielectrics
When dielectric liquids are subjected to extremely high electric fields, the material insulating
properties deteriorate eventually resulting in breakdown. Breakdown is an extremely fast process and
occurs when the conductivity of an insulator acquires values characteristic of semiconductors or metals.
Under normal operating conditions, i.e., at the rated operating voltage, the phenomena leading up to
breakdown can be a gradual process affected by impurities and contaminants due to natural ageing
processes or simply defects and protrusions from defects introduced during fabrication or repair. Under
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over-voltage conditions, such as produced by lightning and switching, breakdown is an extremely fast
process. In gases, well defined breakdown mechanisms have been conceived [33-35]. From a molecular
point of view, liquids can be considered to be compressed gas, and hence, the term “streamers” is also
given to the pre-breakdown phenomena encountered in liquid dielectrics. However, streamers in liquids
also show phenomenological similarities with “electrical trees” in solid insulation [40, 41]. As a result,
research conducted to understand the physical processes that occur during pre-breakdown of dielectric
liquids has included combinations of streamer formation mechanisms derived from gas discharge and
solid-state theory.

1.4.1 Streamers
A great deal of literature has been published on pre-breakdown phenomena in liquid dielectrics over
the past few decades, and for a succinct overview the reader is referred to [42]. Pre-breakdown
measurements are generally conducted in a needle-plane electrode arrangement to initiate streamers at the
highly divergent electric field at the needle tip using modest voltages. Such measurements are usually
based on impulse or step waveforms, as these allow the time of the event to be relatively controlled.
Depending on the polarity of the electrode, a streamer is classified as positive (emanating from anode) or
negative (emanating from cathode). Negative streamers are generally slow and “bushy”, while positive
streamers tend to be fast and “filamentary”. Positive streamers propagate faster and further than negative
streamers, and as a result, most research has focused on positive streamers, as they constitute the greater
risk to breakdown in fluid insulated HV equipment [42, 43].
The optical refractive index of streamers differs from that of the surrounding medium, which allows
for the streamers to be observed using shadowgraph or Schlieren photography, as seen in Figure 1-3,
which shows the propagation of a positive streamer in transformer oil. The empirical properties of
streamers such as shape, velocity, current, and light emission are well characterized in the literature, with
the majority of the work conducted using fast-rising waveforms (step, impulse, etc.) [41-76]. Streamer
development and PD within dielectric liquids have also been examined under AC voltage excitation [7688]. Differing physical properties of the liquid, such as viscosity, pressure, and temperature affect
streamer formation, and in general, increasing the hydrostatic pressure and viscosity of the liquid will
increase the field at the needle tip required for initiation of streamers [45-54].
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Figure 1-3. Schlieren photograph of the propagation of a fast positive streamer in transformer oil in a pointplane electrode geometry under a 0.5 s rise time and 85 s fall time impulse voltage. Gap length was 27.5
mm, tip radius was 30 m, and crest voltage was 178 kV [44].

The chemical composition of the dielectric liquid has the most significant effect on the physical
characteristics of positive and negative streamer initiation and propagation [55-67]. Important molecular
parameters governing the initiation and propagation of streamers in liquids at high electric field include
ionization potential (IP) and electron affinity (EA) [42, 59, 89-95], which have a wide range due to the
diversity of molecular species within liquid dielectrics. Hexadecane, a relatively “pure” base fluid, was
used for the majority of the experiments conducted in this thesis. Accordingly, all PD results presented in
this thesis are correlated to IP and EA of the base fluid as well as the additives introduced therein. For
compounds where experimental values were not available, density functional theory calculations were
conducted. Review of the literature reveals that low IP compounds tend to ease initiation of positive
streamers and electron-scavenging compounds tend to make negative streamers more filamentary with
faster propagation velocities.
Key observations of positive streamers under lightning impulse voltage have lead to the classification
of these streamers into differing modes, called 1st – 4th modes. The modes are dependent upon the
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inception electric field, which is influenced by voltage magnitude and electrode geometry. Distinct
velocities can be discerned ranging from 0.1, 1, 10, and 100 km/s for the 1st, 2nd, 3rd, and 4th modes,
respectively [42, 64, 72-75]. 1st mode streamers are generally ignored in pre-breakdown studies as they
initiate at the lowest voltages, and since the probability of breakdown occurring is very low, they do not
constitute a large risk to HV equipment. Furthermore, they require very sharp needles for which inception
can occur below a threshold voltage, typically called the propagation voltage. For electrode tip radii
greater than a critical radius (about 6 m), no 1st mode streamers are observed [64]. 2nd mode streamers
propagate faster and form more filamentary structures than 1st mode streamers and initiate below the
breakdown voltage, i.e., the voltage for 50% probability of breakdown. 3rd mode streamers initiate near
average electric field in the gap which results in enhanced propagation velocity and a more branched
shape [73]. Above this average field in the gap, the streamer changes to the extremely fast 4th mode,
which is generally very filamentary with only one or two main branches [72, 73]. Classification into
modes for negative streamers is more difficult, as they tend to be “bushier”, and the propagation velocities
are lower and less defined.

1.4.2 Charge Generation Mechanisms at Interfaces
The influence of a high electric field strength at a metal/liquid interface results in field emission of
electrons from the cathode or field ionization of molecules near the anode, as shown in Figure 1-4. In
either mechanism, the electrons must overcome a potential barrier for the creation of a free electron to
participate in the formation of an electron avalanche, which is reduced due to an applied external electric
field. For electrodes in vacuum, the barrier is considered to be the work function of the metal as modified
by oxide layers and particulates on the surface, which tends to be lower than the theoretical work
function. In liquid dielectrics the situation becomes much more complex due to the presence of a wide
range of molecular species and impurity molecules in close proximity to the high field metallic electrode.
The most important conductivity models are Shottky, Fowler-Nordheim, hopping conduction, and
Poole-Frenkel. The initial two describe charge injection from the electrode, and the latter two describe
high-field conductivity in the bulk material. Figure 1-5 shows the modification of the coulombic potential
barrier at a metal-polymer interface for electron injection. The barrier is initially assumed to be the work
function of the metallic electrode for an electron to escape the metal and enter the liquid. The electrostatic
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attraction between the escaping electron and the metal (hole) gives rise to a changing barrier due to the
potential energy of the electron (image potential) which approaches the metal work function. The
potential as a function of distance from the electrode is given by

V ( x) =

e2
16pe0er x

(1-5)

where e is electron charge, 0 is permittivity of vacuum,r is relative permittivity of the dielectric, and x is
distance from the electrode. When a highly divergent electric field is applied, the potential energy is
modified by –eEx,
V ( x) =

e2
- eEx
16pe0er x

(1-6)

where E is electric field. The barrier height is reduced by Vm (Figure 1-5), which is given by
Vm = -

e eE
2 pe0er

(1-7)

and the effective potential is eff =  - Vm, where  is the work function. The outcome of this is also a
reduction in barrier width (δX in Figure 1-4). Electrons can either overcome the reduced potential barrier
through thermal excitation (Shottky and Poole-Frenkel) or quantum mechanically tunnel through the
reduced barrier width (Fowler-Nordheim and Hopping conduction) [10, 96-99].

Figure 1-4. Energetic conditions for field emission and field ionization at a needle electrode under a high
applied electric field, where CB is the conduction band and VB is the valence band of the liquid, X is the
potential barrier, δX is the barrier width, φ is the work function, Ef is the Fermi energy, EV is the vacuum
energy, and IL is the liquid ionization potential [96].
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Figure 1-5. Modification of the coulombic potential barrier for electron injection at a metal-polymer
interface. (a) Total barrier height, taken to be the work function of the metal electrode. (b) Gradual change in
the shape of the barrier due to the effect of the coulombic image force. (c) Application of an electric field
changes the potential energy by -eEx. (d) Total barrier shape showing reduced barrier height (Vm) and
reduced barrier width [97].

The conductivity of liquid insulation is given by

si = ni ei mi

(1-8)

where n is the concentration, e is electric charge, and  is the mobility of the charge carrier type i.
Mobility is given by

m=

vd
E

(1-9)

where vd is drift velocity of the charge carrier. Electrons, holes, and ions may contribute to conductivity,
thus, the overall conductivity is the sum of all charge carriers in the medium. Conductivity is a fielddependent parameter and typically increases exponentially with the applied electric field [97]. In high
field regions, the injection of charge from the electrode into the liquid and the increase in conductivity
causes charge separation and a screening effect lowering the electric field. The effect is known as the
13

space charge limited field and was first described in [100]. In this region, the field is determined by the
space charge present and will be almost constant, yet it will increase the volume over which a high field
exists. A combination of high electric field and high conductivity can lead to substantial mechanical and
thermal stressing of the material leading to material degradation [100, 101].

1.4.3 Initiation and Growth of Negative Streamers
The initiation of negative streamers in dielectric liquids is commonly associated with FowlerNordheim electron injection (field emission) from the cathode and can be described by Equation (1-10)
[97], where J is current density, e is elementary charge, E is electric field, h is Planck’s constant,
Ef, where is the work function and Ef is Fermi energy, and me is electron mass.
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The movement of charge into the liquid causes Joule heating, collisional ionization, and subsequent
collisional-induced decomposition and vaporization of the liquid to create microbubbles. Experimental
evidence showed that negative streamer initiation was due to an electron avalanche occurring in the liquid
from Fowler-Nordheim electron injection [49]. The subsequent shockwave develops a bubble which can
expand through inelastic collisions of electrons penetrating the liquid/streamer interface caused by PD
within the bubble [45-49, 89, 102-104]. The mobility of electrons is far greater in the gas phase than the
liquid phase such that the inelastic collisions of electrons accelerated in a high electric field cause impact
ionization and the formation of an electron avalanche in the bubble. The immediate occurrence of PD
within the bubble leads to the development of a slow “bushy” negative streamer.

1.4.4 Initiation and Growth of Positive Streamers
Dissociation of neutral molecules into cations and anions under an applied electric field as a result of
field-induced ionization is known as the Onsager effect [105] and is one hypothesis for the phenomenon
which drives streamer initiation [106]. However, a great deal of computational modeling conducted on the
initiation and propagation of positive streamers which agrees well with experimental data suggests that
positive streamer initiation is caused by electric field dependent molecular ionization [90-93] induced
electron tunneling as shown in the right of Figure 1-4 [10, 45, 55, 90]. When the field at the tip reaches a
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critical field, the liquid near the tip is ionized into low-mobility cations and high mobility electrons. The
fast electrons migrate towards the anode resulting in Joule heating and a net positive electric field at the
tip. The streamer is self-sustaining and propagates forward as a moving dissipative source. Field
ionization and subsequent streamer propagation is an extremely fast process, which gives the
characteristic “filamentary” appearance. A streamer will “die” if the electric field at its tip becomes too
small to support propagation as a result of the potential drop along the streamer channels, which results in
micro-bubbles that dissolve into the fluid.
Experiment indicates that when dielectric surfaces are parallel to the direction of the background
electric field, field ionization and positive streamer development are aided. Figure 1-6 shows that a solid
dielectric surface between the needle tip and plane electrode hinders branching of the streamer, which
increases the electric field enhancement for molecular ionization and accelerates streamer propagation
[72-74, 107, 108]. Conversely, insulating surfaces perpendicular to streamer propagation tend to act as a
barrier and hinder streamer development. The longer path length required to circumvent the barrier causes
an increase in the voltage drop of the conductive streamer, thereby requiring higher applied voltages for
breakdown to occur [107-110]. This effect was utilized in the present research to avoid needle-damaging
breakdowns between the electrodes. The fabrication of the barrier is described in detail in Chapter 2.

Figure 1-6. Acceleration of positive streamers along solid insulation parallel to the electric field (upper) and
actual tracks observed on pressboard surface (lower) [74].
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Photoionization is another charge generation mechanism which is based on the release of an electron
following absorption of a photon with energy greater than the molecule’s ionization potential. The
propagation of streamers has been linked to light emission [44, 45, 73, 74], and the photons released by
streamers could ionize molecules ahead of the streamer tip. The free electrons would then be swept into
the advancing streamer resulting in impact ionization.

1.4.5 Initiation of Streamers by the Lippmann Effect
Lewis [111, 112] has hypothesized a “cold” electric field induced process independent of the thermal
energy input via movement of electrons. According to Lewis, a metal electrode in contact with a dielectric
liquid forms a double layer of charge (Helmholtz layer) at the interface with a contact potential
difference. The Lippmann effect implies that an electric field at an electrode asperity will lower the
tension in an interfacial double layer by producing electromechanical forces that expand the liquid in
directions orthogonal to the electric field as described by Equation (1-11), where is interfacial tension, 
is permittivity, E is electric field, and d is double layer thickness.
d

Dg = -ò e E 2 dx

(1-11)
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When the electric field at the interface is extremely high, a low-density region forms at the interface
which results in creation of microbubbles as shown in Figure 1-7.

Figure 1-7. Generation of a microbubble at an electrode asperity as a result of the reduction of interfacial
tension (Δ) from an applied electric field [112].
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As the Lippmann effect reduces the liquid density at the interface, Lewis [112] argues that the
efficiency of charge transfer is enhanced by the Auger mechanism, which provides electron emission at
the needle cathode and positive hole emission at the needle anode. This effect can be explained with the
help of Figure 1-4. When considering the cathode, holes (i.e., cations) arriving at the electrode from the
liquid have energy levels in the valence band of the liquid, which is normally below the Fermi energy Ef
of the metallic electrode. If the cations come close enough to the electrode, Fowler-Nordheim tunneling
of electrons below Ef to the hole can take place, creating a neutral molecule. An electron close to Ef
makes a transition to the vacant site in the metal, releasing energy in the order of Ef – VBM (~4 eV). The
released energy will produce a “hot” electron with energy above Ef and enter the conduction band of the
liquid (Shottky injection). As a result, a high electric field should increase the probability of field
emission for negative streamers to propagate.
When considering the anode, a negative ion layer will be present with energy levels near the
conduction band of the liquid. If these anions are close enough to the anode, the Lippmann effect will
cause tunneling of electrons into vacant sites of the anode above Ef. The electron will then transfer down
to Ef, releasing energy that could excite another electron to the Fermi level from within the metal. The
subsequent vacant electron state in the metal could be filled by an electron tunneling from a neutral liquid
molecule forming a cation in the liquid and thus promoting field ionization.
The hypothesis presented by Lewis is fairly recent (1998) with respect to the research conducted on
streamer development, and it is a theoretical model that has yet to be experimentally verified.
Consequently, the relevant literature on streamer initiation and propagation reveal that the accepted
charge mechanisms are associated with field emission of electrons (Shottky and Fowler-Nordheim)
leading to negative streamer growth and field ionization leading to positive streamer growth.

1.5 Thesis Organization
The research described in this thesis addresses several issues related to condition assessment of a
dielectric fluid through measurement of the fluid’s PD characteristics in a needle-plane electrode
geometry under AC field. Chapter 2 focuses on preparation of the electrodes, choice of the base fluid
(hexadecane), instrumentation, and implications of a needle-plane electrode geometry used for all studies
conducted in this thesis. A comparative study on the effect of vertical and horizontal electrode geometry
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arrangements based on measurement of PDIV in hexadecane is presented in Chapter 3. Normal and
Weibull statistical analysis was conducted as a function of needle tip radius, electrode gap separation, and
use of bare or covered plane electrode.
Chapters 4-6 present studies of the effect of chemical additives within hexadecane on PD
characteristics of the mixtures. More specifically, Chapter 4 focuses on the effects of N,N-dimethylaniline
(DMA) and 1,1,1-trichloroethane (TCE) on the PD characteristics of hexadecane as a function of additive
concentration and needle tip radii (10 and 20 m). DMA and TCE were selected as additives because of
their known experimental electrochemical properties. DMA has been a popular choice in the past as a low
IP additive, which allowed for correlation with past research using different base fluids, albeit under
impulse voltages with specific polarities.
The effects of naturally occurring degradation products formed in field-aged liquid dielectrics as a
result of fluid oxidation and paper degradation are presented in (Chapter 5), while Chapter 6 concentrates
on the effects of aromatic and corrosive sulfur compounds on fluid PD characteristics. Lastly, Chapter 7
focuses on the parameters relevant for PD-based diagnostics for impurities in dielectric liquids and the
practical implications of the work in this thesis. Experiments were conducted on thermally and
electrically aged hexadecane and with commercially available paraffinic and naphthenic base fluids
containing typical field-aged concentrations of degradation products.

1.6 Original Research Contributions
Published literature on pre-breakdown and breakdown processes in dielectric liquids has had a strong
focus on the physics of streamers propagating through liquid dielectrics. The research presented in this
thesis focused on establishing a relationship between fluid impurities created through ageing processes in
oil-paper dielectrics and the effects of such impurities on fluid PD characteristics under experimental
conditions which are suitable for a field-deployable diagnostic system, i.e., needle-plane electrode with
covered electrode to preclude needle-damaging breakdowns with relative small needle-plane separation
so that PD could be achieved at voltages which are practical in a field-deployable diagnostic system. In
addition, effort was expended to understand the underlying electrochemical basis of the effect of
impurities on PD characteristics, i.e., on positive and negative leader formation and propagation under AC
voltage. Such knowledge could prove useful in the development of an improved diagnostic for condition
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assessment of dielectric fluid for the electric power industry. To the author’s knowledge, no such work
has been conducted in the past. Much of the published literature on the effects of additives in base fluids
has been conducted under impulse voltage, and no literature has been published on the effect of acidic
impurities on streamer development in dielectric fluids.
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CHAPTER 2
Experimental Procedures
2.1 Needle-Plane Electrode Geometry
2.1.1 Electrode Preparation
Tungsten needle electrodes with tip radii of 10, 20, and 40 m, 3 cm length, and 1 mm shaft diameter
were acquired from Plansee Tungsten Alloys. The needles have a chemical composition of 80% tungsten
(W) and 20% copper (Cu) and nickel (Ni) [113], which was also experimentally verified with energydispersive X-ray spectroscopy (see Chapter 6). The needles were inspected using a scanning electron
microscope (SEM) to determine any obvious defects. Each tip was examined twice to see both sides of
the tip and any bent needle tips were discarded. All needles showed evidence of machine scratches and
faceting, which were smoothed by polishing. An aqueous polishing solution was made with 1 m alumina
powder and 0.3 m alumina abrasive with a mixing ratio of 1:3 respectively in 10 wt. % of water. The
needles were mounted in a Dremel tool and the tips were polished with the abrasive solution on the
surface of a wafer of EPR cable insulation for about 60 minutes, shown in Figure 2-1. The same polishing
method was used in [114] for stainless steel needles; however, a longer polishing time was required for
tungsten. Following polishing, the needles were placed in a holder with the tips free and cleaned with
methanol in an ultrasonic bath, after which they were again inspected under the SEM to confirm a lack of
obvious defects. Polishing was conducted in order to ensure a relatively smooth needle tip surface and
remove sharp asperities which would have a major impact on the electric field distribution. Figure 2-2
shows an example of a needle as received and following polishing.
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Figure 2-1. Polishing of the tungsten needles with a Dremel tool on the surface of EPR insulation with a
polishing solution as described in [114].

Figure 2-2. SEM photographs at an accelerating voltage of 20 kV showing the same needle as received (left,
1200x magnification) and after polishing (right, 1150x magnification). The lighter plates in the right figure
are tungsten, while the darker areas are copper.

The geometry of the electrode system was needle-plane with a covered low field electrode to preclude
breakdowns which would damage the needle tip. Plane electrodes were fabricated from aluminum with a
diameter of 5 cm. The edges were rounded and polished to decrease the likelihood of an electric field
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enhancement at a sharp edge. The plane electrodes were coated with a 2 mm thick mixture of epoxy filled
with 60% by weight aluminum oxide (50-200 m grain size). The filler concentration was selected to
provide a reasonable match between the thermal expansion coefficient of the coating and aluminum
electrode. First a very thin coat of unfilled epoxy was applied to the aluminum electrode to improve
adhesion and facilitate crosslinking of the subsequent 2 mm layer of Al2O3-filled epoxy. Emphasis was
placed on even application of the electrode, including rounded sides, to preclude breakdown. The coating
was allowed to cure at room temperature for 48 hours after application to the electrode. As a last step,
another thin layer of clear epoxy was spread on top of the Al2O3-epoxy mixture to reduce the likelihood
of scattering of Al2O3 particles into the dielectric fluid following streamer discharges. Figure 2-3 shows
the Al2O3-filled epoxy coated plane electrodes fabricated for the PD experiments in comparison to the
original aluminum electrode. The covering on the plane electrode had a discharge time constant ( =RC)
of about 5 s. The resistance and capacitance were measured by applying a layer of conductive silver paint
on the plane electrode with a guard ring.

Figure 2-3. Photographs of the uncoated aluminum electrode and front and back sides of the Al2O3-filled
epoxy electrodes (white).

Figure 2-4 shows a photograph of the covered plane electrode following a few measurements with
hexadecane that contained large amounts of sludge. Details of the experiment and the effect of sludge on
the PD experiments are given in Chapter 7. The sludge within the oil becomes charged and sticks to the
electrode covering. The appearance of tree-like patterns on the covering indicates that the positive
streamers do not collapse immediately once they hit the covering, but tend to spread out on the surface of
the coating until the voltage drop across the induced streamer channel is too large for continued
22

propagation. This demonstrates nicely the electrode coating’s main objective, which is to increase the
streamer path to preclude needle damaging breakdowns. Similar phenomena have been observed for
streamers that come into contact with pressboard perpendicular to the needle electrode [107-110].

Figure 2-4. Photograph of sludge accumulation on the coated plane electrode following PD measurements of
an electrically aged hexadecane sample. The tree-like patterns indicate that the positive streamers spread out
over the covering, increasing the voltage drop, and thereby requiring higher applied voltages for breakdown
to occur.

2.1.2 Test Cell Configuration
Glass test cells with a volume of 400 ml used primarily for breakdown testing according to IEC
60156 and ASTM D877 were acquired from Baur Prüf- und Messtechnik GmbH. A minor modification
was made to the length of rod inside the elbow connectors of the test cell, which were shortened by 2 cm
(original length 11.2 cm) so that when the plane electrode was screwed onto the thread and the adjusting
ring was turned to maximum separation, no metal was visible behind the covered electrode, which
reduced greatly the likelihood of breakdown at higher voltages. A brass needle holder was fabricated in
which the needle was held by two set screws. A gap length of 1 cm from the needle tip to the covering of
the plane electrode was selected for the majority of the experiments conducted in this thesis. Figure 2-5
shows the needle-plane electrode geometry within the test cell used for PD measurements and it can be
seen in the right photo that exposed metal was still available on the back side of the covered plane
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electrode when a 1 cm gap separation was used so that, in principle, the streamer could complete to
breakdown. This shows the importance of the barrier to extend the streamer path for breakdown to occur.

Figure 2-5. Photographs of the test cell configuration with needle-plane electrode geometry.

2.2 Base Fluid
As transformer oil (mineral oil) is refined from petroleum, it contains a wide range of molecular
species based on a mixture of naphthenic (cycloalkanes), paraffinic (alkanes), and relatively small
amounts of aromatic compounds, all of which have a wide range of number density, molecular weight,
and structure [2]. Molecular electrochemical properties, such as ionization potential (IP) and electron
affinity, tend to have a large effect on the initiation and propagation of streamers, and these will vary
greatly due to the wide range of molecular species within transformer oil. For example, IP for
hydrocarbon liquids and gases range from 6 to 12 eV [115]. As a result, systematic studies based on
mineral oil are problematic. Studies were conducted with the paraffinic hydrocarbon hexadecane which
was purchased from Chevron Phillips. The main reason in choosing hexadecane as our well defined and
reproducible base fluid was that it is relatively pure with a molecular weight distribution similar to that
found in common dielectric liquids, as can be seen in the gas chromatography-mass spectrometry
(GCMS) chromatogram in Figure 2-6. Hexadecane was degassed in 4 liter vacuum flasks at 60˚C prior to
every experiment to remove as much moisture as possible and eliminate many low molecular weight
fractions present in the as-received fluid. Following heating and degassing, hexadecane had a moisture
content of 1-3 ppm as determined with a Doble Moisture-in-Oil sensor.
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Figure 2-6. Overlay of GCMS chromatograms for Shell Diala transformer oil (green) and hexadecane (black).

2.3 Instrumentation
Baur Prüf- und Messtechnik GmbH provided a specialized instrument (DTA 100C, Figure 2-7),
which allowed measurement of partial discharge (PD) signatures using an integrated conventional PD
detection circuit based on a coupling capacitor (Ck = 10 pF) in series with a measuring impedance (ohmic
resistance R = 1 k) in accordance to IEC 60270 [32]. Following decoupling and conversion of the PD
current pulses into equivalent voltage signals, the PD pulses are amplified with a small signal transformer
and transferred to a wideband analog filter. The charge magnitudes of the individual PD pulses, generated
from quasi-integration, are proportional to the amplitude of the voltage signals out of the analog filter.
The PD signal output and reference voltage (attenuated applied test voltage) are accessible from BNC
jacks at the back of the instrument. The PD signal output is designed to drive the 50  input of a PD
measurement system.
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Figure 2-7. Photograph of the Baur DTA 100C breakdown tester.

2.3.1 Experimental Test Set-Up
PD characteristics were detected using a digital PD measuring system (Doble-Lemke LDS-6)
acquired from HV Technologies, Inc. Simultaneously, a wide band measuring circuit using a fast
oscilloscope was used to record the PD current pulse shapes with a bandwidth of 400 MHz based on
measuring across a 50 Ω resistor. The phase relationship of the high voltage terminals with respect to the
reference voltage was determined using a high voltage probe and the oscilloscope. The DTA 100C
employs a resonant circuit to generate differential high voltage so that up to 50 kV can be applied to one
terminal and -50 kV can be applied to the other to achieve a maximum voltage across the sample of 100
kV in this relatively compact instrument. As a result, the left terminal was 180° out of phase with the
voltage reference signal, while the right terminal was in-phase with the reference voltage. However, the
reference signal was very weak, with a ratio of about 23 kV:1 V, and as the LDS-6 PD detection system
requires a reference voltage signal of 3-50 VRMS, a 10x amplifier was used to amplify the reference signal
out of the DTA 100C. The amplifier causes a phase inversion of the signal, so that the left terminal is inphase and, as a result, the needle was always installed on the left terminal during the measurements. This
is also desirable as the PD coupling circuit according to IEC 60270 is situated on the left terminal so that
more accurate readings of the PD characteristics are available when the needle is installed on that
terminal. A schematic of the experimental set-up is shown in Figure 2-8.
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Figure 2-8. Experimental set-up with the DTA 100C breakdown tester to measure PD
characteristics of liquid samples.
The DTA 100C was tested for its internal PD inception by using 2 covered plane electrodes with
about a 6 cm gap distance immersed in hexadecane. The voltage was raised until PD was detected with
the LDS-6. The instrument was PD free up to 80 kV (electrode-to-electrode or 40 kV electrode to
ground), above which internal PD within the instrument precluded PD measurement.

2.3.2 Experimental Test Method
The test method employed a 60 Hz differential AC voltage with a rise rate of 0.5 kV/s to 30 kVRMS
which was held for 1 minute. The voltage profile is shown in Figure 2-9. Measurements either focused on
positive or on negative streamers as a result of the large difference in charge magnitudes between the two
streamer types. Measurements were separated by 2-3 minutes to allow residual space charge to
redistribute within the test cell. All measured data were recorded, saved, and subsequently exported to
ASCII files for analysis. This approach allowed not only for PDIV to be measured but also the discharge
repetition rate and phase resolved PD (PRPD) pattern under defined conditions to be acquired. All PRPD
patterns shown in this thesis used the color scheme shown in Figure 2-10, which encodes the number of
pulses per AC voltage cycle above a given threshold.
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Figure 2-9. Typical voltage profile for all the PD experiments. PDIV was acquired during the voltage rise and
discharge repetition rate as well as PRPD patterns were acquired during the 1 minute measurement interval
at 30 kVRMS.

Figure 2-10. PD color scheme used on all phase resolved PD plots to encode the number of PD pulses per AC
voltage cycle.

Prior to the measurements, the system, including a fluid sample was calibrated with a known pulse
charge magnitude, as is necessary for accurate PD measurements. Holes were drilled into the sides of the
elbow connectors so that banana plugs could be inserted to make contact with the electrodes. The
calibration pulses consisted of a 4 V square wave passing through a 22 pF capacitor, which according to
Equation (1-4), results in an apparent charge magnitude of 88 pC. An example of a calibration pulse as
seen on the oscilloscope is shown in Figure 2-11. Unfortunately, true charge could only be recorded for
the negative streamers. Protection diodes were placed in the instrument to protect operational amplifiers
within the PD filter against harmful over-voltages and this caused clipping for large magnitude discharges
as were seen with the positive streamers (maximum ~10,000 pC).
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Figure 2-11. Calibration pulse signal as measured from the DTA 100C PD filter output with an oscilloscope.
The integral of the current over time gives the charge magnitude of the pulse.

The experiment was placed within a shielded room with power line filters to minimize external
noise; however, following calibration of the instrument, a relatively high background noise level of 12 pC
was observed (outside the shielded room a background noise of 25 pC was observed). As a result, a
spectrum analyzer (Rohde & Schwarz FSEA 20, 9 kHz to 3.5 GHz) was used to determine noise
frequencies within the shielded enclosure. Figure 2-12 shows the radiated noise spectrum within the
shielded room with all instruments turned off as well as when the DTA 100C instrument was turned on.
The DTA 100C produced a significant amount of noise, probably from solid state switching within the
instrument which increased the background noise level for PD detection. The detection sensitivity of PD
measuring equipment is commonly formulated as the minimum PD magnitude that can be distinguished
in a noisy environment. In most circumstances the minimum detectable PD pulse magnitude should be at
least two times higher than the noise level. Therefore the signal-to-noise ratio was sufficient for PD
testing of dielectric liquids, as the positive streamers had PD charge magnitudes in the range of 6,00010,000 pC and the charge magnitudes for negative streamers generally extended from the background
noise level to 500 pC.
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Figure 2-12. Spectrum analysis from 0 to 6 MHz of the shielded enclosure with all instruments turned off
(left) and the DTA 100C turned on (right). The vertical scale is linear dB (10 dB per division).

2.3.3 Impulse Response of the DTA 100C
The impulse response of the DTA 100C was measured with a pulse generator (Hewlett-Packard
8012B) to determine the response of the PD filter within the instrument. The instrument introduces a lag
time around 250 ns, after which changes in the pulse amplitude are evident. The filter sees the rise and
fall of the input pulse as two different pulses as is shown in Figure 2-13. This has the effect that the pulse
rate is doubled in the PD measuring equipment. This also shows that the response of the instrument is the
superposition of the transient rise and fall of the input pulse with a certain time lag between the two.
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Figure 2-13. Impulse response of the PD detection circuit in the DTA 100C. The yellow trace is the trigger
signal and the red trace is the input pulse produced by the pulse generator with a pulse width of 20 s. The
blue trace is the output PD pulse after decoupling and conversion to a voltage signal according to IEC 60270.
The filter sees a negative pulse from the rise and a positive pulse from the fall of an input pulse.

2.4 Implications of the Needle-Plane Electrode Geometry
2.4.1 Electric Field Distribution at the Needle Tip
A needle-plane or needle-sphere electrode geometry provides a simple configuration in which to
produce PD in a liquid dielectric. The advantage of such a configuration is that a relatively low voltage
produces a large electric field at the needle tip. Coelho et al. [116] developed approximate equations for
the field at a needle tip opposite a plane electrode in the absence of space charge by modeling the tip as a
hyperboloid (Figure 2-14).
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Figure 2-14. Representation of the needle-plane geometry in [116].

Based on the approximation, equations can be derived for the electric field at the needle tip Etip, at the
plane electrode Eplane, and E(X) along the axis of symmetry between them as a function of tip radius r, gap
distance a, and voltage V,
E tip =
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For a tip radius of 20 m, a gap distance of 10 mm, and an applied voltage of 30 kV, the predicted field
at the tip (395 MV/m) is very large compared to the field at the plane electrode (789 kV/m). Figure 2-15
shows a 2D axisymmetric electric potential contour plot of the test cell with a differential potential of +1
V on the needle and -1 V on the plane electrode (with barrier included), along with the Laplacian electric
field distribution at the 20 m needle tip as calculated by finite element analysis (FEA). Based on FEA,
the field at the tip with 30 kV applied is 423 MV/m, which is reasonably close to the estimate provided by
Equation (2-1). The actual (Poisson) field is likely to be lower as a result of space charge effects. Figure
2-16 shows the decrease in electric field magnitude as a function of distance from the needle tip.
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Figure 2-15. 2D axisymmetric electric potential contour plot with contours at 0.1 V intervals of the test cell
with a differential potential of +1 V on the needle and -1 V on the plane electrode (left). The contour plot
includes the 2 mm thick Al2O3-epoxy coating on the plane electrode. The Laplacian electric field distribution
at the 20 m needle tip is shown on the right.

Figure 2-16. Laplacian electric field magnitude along the needle-plane axis of symmetry on a log-log plot. The
field is greatest and appears to be constant very near the needle tip and decreases as z increases past 10 m.
Two step functions are apparent where the electric field decreases sharply at the higher dielectric constant
barrier and goes to zero at the aluminum plane electrode at 10 and 12 mm, respectively.
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2.4.2 Charge Carrier Mobility
When an AC voltage is applied across the needle-plane electrode, charge carriers are injected into the
dielectric liquid either through field emission of electrons or field ionization of molecules, depending on
the polarity of the needle tip. The hyperboloid approximation was also used to derive an equation
describing the transit time t of a charge carrier with a mobility K from the point to the plane by
t=
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where  is permittivity and  is a parameter that defines the electric field lines [116]. At the axis of
symmetry ( = 0), Equation (2-4) can be simplified to
t0 =

( r)
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2a ln 4a

6VK

(2-5)

If the carrier mobilities are known, Equation (2-5) can be used to calculate an approximate time for
charge carriers to move between the needle and plane electrodes.
A Coulomb force is exerted on the space charge by the high electric field, which induces electrohydrodynamic (EHD) motion of the liquid. The EHD-induced velocity of the liquid tends to be greater
than the drift velocity of the ions within the liquid [117-119]. The mobility parameter M,

e
M=

K

r

(2-6)

where K is ion mobility,  is fluid permittivity, and  is density, is the ratio of hydrodynamic mobility to
true ion mobility and was devised to quantify differences between gas and liquid EHD motion.
Hydrodynamic mobility is obtained by balancing the electrostatic energy density ½E2 and the kinetic
energy density ½v2, where v is velocity [120]. M is much smaller in gases (<<1) than liquids (>3) [121]
because the ions created by corona discharge in air have a higher drift velocity than the air velocity or
electric wind generated by the Coulomb force [117]. Figure 2-17 shows the effect of EHD motion on
charge transport in a needle-plane geometry for both gases and liquids. The ions within a gas take on a
trajectory similar to the electric field lines, while in liquids the ions are entrained within the liquid motion,
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which takes the form of a narrow plume around the axis of symmetry and spreads out at the plane
electrode producing large eddies [117, 118].

Figure 2-17. Effect of EHD motion on charge transport in a needle-plane electrode geometry for gases and
liquids. For gases the ion trajectories are the electric field lines and in liquids the ions are entrained in a
narrow plume around the axis of symmetry [117].

A great deal of research has been conducted on the mobilities of electrons and ions in non-polar
hydrocarbon liquids as a function of temperature, pressure, and electric field [2, 10, 122, 123]. Electron
mobilities vary greatly depending upon the molecular structure of the hydrocarbon liquid. In paraffinic
liquids, such as hexadecane, electron mobility decreases with increasing chain length at room temperature
and tends to level off for n>7, i.e., n-heptane, at about 4x10-6 m2/Vs [2, 10, 122].
Electron mobility could also be calculated using the Lorentz radius [124], which models the electron
within a medium with permittivity  as small sphere with uniform charge density and radius Re. The
work required to assemble the electron sphere is given by

W=

3q2
20peRe

(2-7)

where q = 4Re30/3 is total charge. According to Einstein’s theory of relativity, the work required to
assemble the charge is W = mec2, where me is the mass of an electron (9.1x10-31 kg) and c is the speed of
light in a vacuum (3x108 m/s). Substituting this into Equation (2-7) gives an expression for the electron
radius.

Re =

3q2
20peme c2
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(2-8)

For an electron in hexadecane ( = 2.10 [125]), the radius is 8.0x10-16 m. Using Walden’s rule [10] for a
spherical particle, and the dynamic viscosity  of hexadecane to be 3.0x10-3 Pa·s [126], the electron
mobility according to Equation (2-9) is 3.5x10-3 m2/Vs, which differs greatly to the results in [2, 10, 122]
but is reasonably close to the value used for modeling of transformer fluid (10-4 m2/Vs) [90-93].

me =

q
6ph Re

(2-9)

The typical ion mobility for transformer oil is 10-9 m2/Vs [2, 10, 117, 127]. Borovkov et al. [128]
showed that diphenylacetylene (C14H10) ions in a hexadecane solvent had a mobility of 0.8x10-8 m2/Vs.
Schmidt et al. [123, 129] showed that the mobility of negative and positive fullerene ions in cyclohexane
or n-pentane is similar. Mobility data tend to be scattered, as impurities within the fluid may cause
impurity ions or even formation of ion clusters. Likewise the shape of the ion, whether spherical or
ellipsoidal, has a large effect on its mobility [2, 10]. Hexadecane has a density  = 770 kg/m3 [130] and
results in a hydrodynamic mobility of 1.5x10-7 m2/Vs, and according to Equation (1-9), correlates to a
fluid velocity of 63 m/s at the needle tip with an electric field strength of 423 MV/m as calculated by
FEA. The true fluid velocity will be decisively lower due to space charge injected into the fluid which
lowers the actual electric field, and according to Figure 2-16, sharply decreases away from the needle tip.
If hexadecane has a mobility parameter of 3, the true ion mobility K is 5.1x10-8 m2/Vs based on Equation
(2-6). However, M is usually much larger than 3 and is also roughly proportional to the dynamic viscosity
because of Walden’s rule, which states that K· = constant [119]. According to the mobility parameters
calculated for liquids of differing viscosities in [119], M is about 60 for hexadecane, and thus the ion
mobility is about 2.5x10-9 m2/Vs, which correlates well with the typical mobility value of 10-9 m2/Vs for
transformer fluid.
Drift velocity of ions can be calculated by rearranging Equation (1-9), and taking mobility for an
electron and ion to be 4x10-6 and 10-9 m2/Vs, respectively, and E to be 423 MV/m as calculated by FEA,
the drift velocity for an electron would be 1692 m/s, which is much larger than the drift velocity for an
ion (0.423 m/s). This indicates that the drift velocity of electrons are orders of magnitude greater than the
drift velocity of positive ions, and the movement of the fast electrons under the influence of a high
electric field causes Joule heating and aids in the development of low density regions from which PD can
initiate. The space charge limited electric field (SCLF) near the needle tip will be substantially lower than

36

calculated with FEA, probably in the range of 150 MV/m, which is at the low end of the SCLF for
polyethylene. However the average drift velocity for electrons is enhanced by high mobility in the
gaseous regions and would be much larger than calculated above. The EHD induced motion of the liquid
would aid in electron/ion mobility. Other factors come into play, such as impurity molecules acting as
scattering centers, electron attachment, impact ionization, ion-electron recombination, and cation-anion
recombination, all of which make determining the drift velocities of charge carriers in a needle-plane
electrode system a complex undertaking.

2.5 Conclusion
In summary, the above mentioned electrode geometry is a simple configuration in which to produce
highly divergent electric fields at the needle tip necessary for streamer development using modest voltage
magnitudes. The covered plane electrode allows for consistent measurements to be undertaken without
the risk of needle-damaging breakdowns. The use of hexadecane to examine the effects of chemical
impurities on PD characteristics is advantageous, as it is a relatively pure and reproducible base fluid with
a molecular weight distribution similar to transformer oil. The DTA 100C allows for the application of a
differential AC high voltage with an integrated PD coupling circuit to examine fluid PD characteristics in
a relatively compact instrument. A disadvantage to AC voltage application is the creation of a large
system of drifting space charge, which will affect the temporal and spatial distributions of the alternating
electric field. Factors such as the inhomogeneous field at the needle tip, the induced EHD motion,
electron attachment rates, and charge recombination rates cause difficulties in determining true electron
and ion velocities.
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CHAPTER 3
Comparison of the Partial Discharge Inception Voltage in a
Horizontal and Vertical Needle-Plane Geometry Arrangement
3.1 Introduction
Standards which describe the methods for characterizing liquid dielectrics at high electric fields
include IEC 60156, ASTM D877, and ASTM D1816, which describe methods to determine the
breakdown voltage at power frequency [3-5]. A non-destructive alternative method is to measure the
partial discharge inception voltage (PDIV) according to IEC 61294 [6]. This standard defines PDIV as the
lowest voltage at which partial discharge (PD) occurs with an apparent charge magnitude equal to or
greater than 100 pC. ASTM D1868 [7] is another standard developed to determine the PDIV of insulation
systems which defines PDIV as the lowest voltage at which continuous PD occurs above a stated
magnitude, which is usually limited by the background noise level. This definition is vague, as
“continuous” is not defined, which limits reproducibility of the test. ASTM D1868 applies to all
insulation systems, whereas IEC 61294 was designed specifically for testing of insulating liquids. As a
result, all tests in this chapter were carried out according to the definitions set forth in IEC 61294.
In a recent IEC TC10 MT30 Meeting on the revision of IEC 61294 there has been some controversy
over the validity of PD measurements in a horizontal electrode arrangement. Experiments have
traditionally been conducted in a vertical electrode arrangement, which is also recommended within IEC
61294, and a large faction of people has been pushing for a revised PDIV standard to retain the vertical
arrangement. The DTA 100C, however, allows for the voltage source, test cell, and PD coupling circuit to
all be within the same compact instrument, which would have many practical advantages. As a result, a
comparative study on PDIV of hexadecane as measured in horizontal and vertical arrangements using a
needle-plane electrode geometry is presented. Data are presented as a function of needle tip radius and
needle-plane separation with both bare and covered plane electrodes.

3.2 Experimental
PDIV was measured with the DTA 100C Breakdown Tester acquired from Baur with an integrated
conventional PD detection circuit based on a coupling capacitor in series with a measuring impedance in
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accordance to IEC 60270 [32]. The PD was detected and recorded using a digital PD measuring system
(LDS-6) and simultaneously, with a wide band measuring circuit using a fast oscilloscope with a
bandwidth of 400 MHz. The experimental set-up is shown in Figure 2-8. The needle-plane geometry was
set up within a 400 ml test cell seen in Figure 3-1. Hexadecane was degassed at 60°C overnight to
remove, and following heating and degassing, the fluid had a moisture content of 1-3 ppm as determined
with a Doble Moisture-in-Oil sensor.
Tungsten needles of length 3 cm, diameter 1 mm, and tip radii 10, 20, and 40 m were employed. The
plane electrodes of 5 cm diameter consisted of an aluminum electrode, covered with a 2 mm mixture of
epoxy and aluminum oxide powder or a bare brass electrode. Each electrode could be moved by 5 mm
and, as a result, gap distances of 5, 10, and 15 mm were employed when using the covered electrode and
gap distances of 10, 15, and 20 mm were employed with the bare electrode. The gap was measured from
the needle tip to the covering over the electrode and, with the bare electrode, the gap was measured to the
metal surface. Fairly large gap distances were required for the bare electrode to avoid breakdowns which
damage the needle tip. An AC voltage was applied with a rise rate of 0.5 kV/s which was shut off
manually once the PDIV of the oil had been reached. The PDIV was based on the RMS voltage according
to IEC 61294, and when conducting measurements with the covered electrode, the PDIV was also
recorded as the voltage at which an average charge magnitude of 100 pC was achieved. A total of 20
PDIV measurements was conducted with each needle at each electrode gap distance. An additional 10
measurements were conducted following the application of a DC field from a Spellman SL300 100 kVDC
voltage source in order to sweep charge carriers from the gap between PDIV measurements. Connections
to the electrodes were made with banana plugs within the holes in the sides of the elbow connectors used
for calibration. Based on Equation (2-5), a DC voltage between 10 and 16 kV was applied to sweep ions
from the gap. The voltage was computed based on a mobility of 10-9 m2/Vs and the gap separation to
remove ions within a reasonable time. Electron mobility was neglected as it is much greater than ion
mobility. The DC voltage was applied for 1.5t0 due to the uncertainty of the true ion mobility in
hexadecane. With the covered electrode, 5 s was added to the 1.5t0, as this corresponds to the discharge
time constant ( = RC) for ions bound to the electrode surface. For the vertical experiments, the DTA
100C was placed on its side, as can be seen in Figure 3-2. The cell was sealed using a 3 mm thick gasket
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and stretched vinyl taped as seen in Figure 3-1. The test cell was held in place in the DTA 100C with the
help of 4 cm thick sponge that pressed down on the test cell as the instrument lid closed.

Figure 3-1. Test cell used for the PDIV experiments, seen here with the covered electrode. For the horizontal
experiments, no rubber gasket or tape was used.

Figure 3-2. Arrangement of the DTA 100C for the vertical PDIV experiments. Three, 5 cm rubber stand-offs
were placed on the side to protect hydraulic components of the instrument.

3.3 Experimental Results
Use of the same test cell for horizontal and vertical measurements meant that all experimental
parameters remained the same which provides an excellent basis for a comparative study. The horizontal
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measurements were conducted first, after which all the needles were inspected under a scanning electron
microscope (SEM), and subsequently polished according to the method described in Chapter 2, and
reexamined prior to the experiments in the vertical arrangement.

3.3.1 Observations
The biggest problem with conducting measurements with the bare electrode is that breakdown could
not be prevented. There is a correlation between charge magnitude and distance propagated by the
streamer, and often, positive streamers would have much higher charge magnitudes than 100 pC, leading
to breakdown. The effects of these breakdowns can be seen in Figure 3-3 as an increase in surface
roughness of the needle tip.

Figure 3-3. SEM photographs with an accelerating voltage of 20 kV of a polished 10 m needle before the
PDIV measurements (left, 1450x magnification) and following 180 PDIV measurements, including a few
breakdowns (right, 2050x magnification).

After all the PDIV measurements were completed, paper fibers were introduced into the hexadecane
within the test cell in both the horizontal and vertical arrangements, and motion pictures were taken using
a Sony Nex5 camera using a macro lens. The backlighting of the DTA 100C along with additional top
lighting from an external light source allowed for a good interpretation of the electrohydrodynamic
(EHD) motion in a needle-plane geometry. The EHD motion of hexadecane takes the form described in
[117] and seen in Figure 2-17. No differences were seen between the horizontal and vertical arrangement.
At lower voltages, fluid moved along the needle shank away from the needle tip in a counterclockwise
fashion as the fluid motion of the eddies produced by the narrow plume hitting the plane electrode induce
counter eddies in the opposite direction. At high applied voltages, the fluid motion becomes turbulent,
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and only a single large eddy that circles the entire test cell is observed so that fluid moves along the
needle shank toward the needle tip. Individual adjacent frames could be used to track the motion of
specific fibers which were carried by the fluid motion and, along with the use of a tracer program, the
velocities of the fibers could be calculated fairly accurately. Figure 3-4 shows a fiber entrained within an
induced eddy over a 10 s time frame, corresponding to a velocity of 5.4x10-4 m/s. Figure 3-5 shows the
same fiber in the vicinity of the needle tip after which it is accelerated by the EHD plume to a velocity of
0.01 m/s over a 1 s time frame. Although this technique does not give the true fluid velocity and does not
account for the viscous drag force of the fiber within the liquid, it indicates nicely the differences in
hydrodynamic mobility of the fluid in an eddy and in the plume generated along the axis of symmetry.

Figure 3-4. Tracking of a paper fiber entrained in an eddy over a time frame of 10 seconds at an applied
voltage of 25 kV.

Figure 3-5. Tracking of the same paper fiber seen in Figure 3-4 within the plume generated around the axis of
symmetry in the needle-plane geometry over a time frame of 1 second at an applied voltage of 25 kV.

3.3.2 Normal Distribution Analysis
Tables 3-1 and 3-2 provide the arithmetic mean and standard deviation of the PDIV measurements
based on a Normal distribution according to IEC 61294. Additional PDIV voltages based on an average
value of 100 pC are given for measurements conducted with the covered electrode. DC in the tables
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means a DC field was applied to sweep the space charge out of the system between PDIV measurements.
Yellow highlighted cells indicate mean values that are indistinguishable at a 90% confidence level and
light red highlighted cells indicate values that are indistinguishable at a 95% confidence level (i.e., the
confidence intervals between the horizontal and vertical mean values overlap). This means that the
horizontal and vertical values can be considered statistically the same.
Table 3-1. Average PDIV values in the horizontal geometry. Values are given as mean ± standard deviation.
Yellow cells indicate overlap of the 90% confidence intervals between the horizontal and vertical mean
values.

Needle Tip Radius

Bare Electrode

Covered Electrode

Gap
distance
(mm)

10 m

20 m

40 m

Partial Discharge Inception (kV)

5

IEC 61294
17.4 ± 1.14

Average 100 pC
21.0 ± 0.62

IEC 61294
17.0 ± 1.62

Average 100 pC
21.2 ± 1.88

IEC 61294
19.4 ± 1.43

5 DC

17.8 ± 0.94

20.4 ± 0.36

10

20.9 ± 1.26

24.7 ± 0.54

10 DC

20.8 ± 0.81

23.7 ± 0.52

15

24.6 ± 1.22

28.8 ± 0.89

15 DC

23.7 ± 1.38

27.2 ± 0.56

10

21.9 ± 1.89

23.4 ± 1.51

19.9 ± 1.57

10 DC

20.9 ± 1.54

21.5 ± 1.04

19.7 ± 0.85

15

23.9 ± 1.84

25.3 ± 0.91

23.8 ± 2.48

15 DC

23.7 ± 1.34

26.2 ± 0.69

23.5 ± 0.92

18.8 ± 0.86

22.4 ± 0.51

19.0 ± 0.77

22.4 ± 0.66

20.0 ± 1.46

24.5 ± 1.20

22.1 ± 1.73

27.6 ± 0.92

22.0 ± 0.83

25.9 ± 0.66

22.4 ± 0.86

25.4 ± 0.67

23.4 ± 1.42

28.1 ± 1.82

26.5 ± 1.92

31.9 ± 0.75

25.6 ± 0.89

29.4 ± 0.97

25.5 ± 1.33

30.7 ± 0.80

20

27.2 ± 2.00

28.5 ± 1.84

25.1 ± 1.71

20 DC

27.2 ± 1.40

28.7 ± 1.96

25.9 ± 2.27

Average 100 pC
22.8 ± 1.51

Table 3-2. Average PDIV values in the vertical geometry. Values are given as mean ± standard deviation.
Light red cells indicate overlap of the 95% confidence intervals between the horizontal and vertical mean
values.

Needle Tip Radius

Bare Electrode

Covered Electrode

Gap
distance
(mm)

10 m

20 m

40 m

Partial Discharge Inception (kV)

5

IEC 61294
16.9 ± 0.95

Average 100 pC
20.4 ± 0.64

IEC 61294
17.3 ± 1.17

Average 100 pC
20.8 ± 0.46

IEC 61294
19.1 ± 1.11

5 DC

17.3 ± 1.04

19.9 ± 0.68

10

19.4 ± 1.80

23.2 ± 0.60

10 DC

20.7 ± 1.13

23.2 ± 0.64

15

22.6 ± 1.54

26.9 ± 0.66

15 DC

23.8 ± 1.30

26.3 ± 0.49

10

19.3 ± 0.83

21.7 ± 1.65

22.1 ± 1.70

10 DC

18.8 ± 0.84

22.8 ± 0.98

23.6 ± 1.16

15

21.9 ± 1.53

24.0 ± 2.17

27.5 ± 2.78

15 DC

21.7 ± 1.54

24.8 ± 1.50

28.8 ± 3.48

17.7 ± 1.22

20.8 ± 0.55

18.9 ± 0.75

21.6 ± 0.38

20.0 ± 2.12

24.7 ± 0.86

23.9 ± 1.06

27.4 ± 0.63

21.8 ± 0.55

24.5 ± 0.96

22.8 ± 1.30

27.8 ± 0.51

23.9 ± 1.65

27.3 ± 0.76

26.1 ± 2.18

31.6 ± 0.76

24.6 ± 1.26

28.0 ± 0.83

28.5 ± 0.90

32.2 ± 1.24

20

24.7 ± 1.32

26.6 ± 1.79

29.6 ± 2.86

20 DC

24.5 ± 1.24

27.4 ± 1.74

31.4 ± 3.60
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Average 100 pC
22.0 ± 0.70

As expected, the application of the DC field reduced the variance of the data in most cases. At larger
electrode gap distances with the bare plane electrode, sweeping the system of space charge did not have
much effect on the variance. At 20 mm gap distance, the standard deviation was nearly the same or even
larger than for the measurements conducted without the application of a DC field. The PDIV values were
very similar with and without the DC field applied between measurements and the largest deviation was
8%, seen for the 40 m needle with the bare electrode at a gap distance of 20 mm in the vertical
arrangement. The 40 m needle was prone to the largest standard deviation, especially in the vertical
arrangement. The largest coefficient of variation, which is the ratio of the standard deviation to the mean,
was 12% for the 40 m needle together with the bare electrode at gap distances of 15 and 20 mm
following an applied DC field in the vertical arrangement. This shows that the mean results have a fairly
good reproducibility, as the conventional dielectric breakdown test according to [3-5] can produce values
with a coefficient of variation over 30% [131]. Not surprisingly, the PDIV values at an average of 100 pC
for the covered plane electrode have far smaller standard deviations, and therefore, coefficients of
variation, as they are already averaged values.
Tables 3-1 and 3-2 show differences in the PDIV values of hexadecane in the horizontal and vertical
arrangement and these differences tend to be most distinguished when comparing the PDIV values
obtained using the bare plane electrode.

3.3.3 Weibull Distribution Analysis
A two parameter Weibull distribution was used to analyze the PDIV data measured according to IEC
61294. Contrary to the arithmetic mean which gives the 50% probability value of a set of data according
to a Normal or Gaussian distribution, the Weibull probablilty distribution gives the characteristic  value
corresponding to 63.2% probability. The equation of a two parameter Weibull cumulative probability
function is

éxù
F ( x ) = 1 - exp ê ú
êë h úû

b

(3-1)

where x is PDIV data and  is the slope parameter which is an indication of dispersion [132]. Figures 3-6
to 3-17 compare the horizontal and vertical PDIV values () for each needle tip radius and plane
electrode used at varying gap distances.
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Figure 3-6. Weibull comparison of PDIV values for the 10 m needle and covered plane electrode at varying
gap distances.

Figure 3-7. Weibull comparison of PDIV values for the 10 m needle and covered plane electrode after the
application of a DC field.
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Figure 3-8. Weibull comparison of PDIV values for the 10 m needle and bare plane electrode at varying gap
distances.

Figure 3-9. Weibull comparison of PDIV values for the 10 m needle and bare plane electrode after the
application of a DC field.
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Figure 3-10. Weibull comparison of PDIV values for the 20 m needle and covered plane electrode at varying
gap distances.

Figure 3-11. Weibull comparison of PDIV values for the 20 m needle and covered plane electrode after the
application of a DC field.
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Figure 3-12. Weibull comparison of PDIV values for the 20 m needle and bare plane electrode at varying
gap distances.

Figure 3-13. Weibull comparison of PDIV values for the 20 m needle and bare plane electrode after the
application of a DC field.
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Figure 3-14. Weibull comparison of PDIV values for the 40 m needle and covered plane electrode at varying
gap distances.

Figure 3-15. Weibull comparison of PDIV values for the 40 m needle and covered plane electrode after the
application of a DC field.
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Figure 3-16. Weibull comparison of PDIV values for the 40 m needle and bare plane electrode at varying
gap distances.

Figure 3-17. Weibull comparison of PDIV values for the 40 m needle and bare plane electrode after the
application of a DC field.
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The general trend is toward greater  (reduced dispersion) following the application of a DC field and
is shown in Table 3-3. This means that scatter of the data is reduced as space charge from previous
discharges has been swept from the electrodes and has a less influence on subsequent discharges. Only in
a few cases did the  value decrease following the application of a DC field, although in most of those
cases the  value was initially very large without prior sweeping of charge.
Table 3-3. Beta values derived from the Weibull distribution analysis in Figures 3-6 to 3-17. Yellow
highlighted cells indicate an increase in  was not observed following the application of a DC field.
Plane
Electrode

Geometry

Gap
Distance
(mm)

Beta

Beta (after DC field
application)

5
10
15
5
10
15
10
15
20
10
15
20
5
10
15
5
10
15
10
15
20
10
15
20
5
10
15
10
15
20
5
10
15
10
15
20

18.16
20.07
23.47
20.92
12.27
17.67
13.64
16.83
16.65
30.51
18.11
22.04
12.28
15.88
20.23
17.57
10.61
16.91
19.3
32.87
18.97
15.13
13.33
17.82
17.63
14.56
15.81
20.22
26.31
13.75
15.49
13.27
17.62
16.12
11.87
13.67

21.44
29.87
20.75
23
21.23
20.67
17.77
20.3
23.62
25.27
15.93
22.74
27.4
30.86
36.32
15.95
46.9
22.17
22.9
20.17
18.57
26.52
19.1
17.84
29.65
29.3
21.16
32.25
20.07
36.5
28.54
30.33
13.11
23.14
8.86
9.746

Horizontal

10 μm Needle

Covered
Vertical

Horizontal
Bare
Vertical

Horizontal

20 μm Needle

Covered
Vertical

Horizontal
Bare
Vertical

Horizontal

40 μm Needle

Covered
Vertical

Horizontal
Bare
Vertical
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The horizontal and vertical PDIV values with the covered electrode (Figures 3-6, 3-7, 3-10, 3-11, 314, 3-15) tend to be almost identical. Figure 3-18 displays a summary of the results from the Weibull
analysis in terms of the ratio of PDIV () in the horizontal and vertical arrangements. The maximum
deviation of ~7% was observed for the 10 m needle with a 15 mm gap distance (Figure 3-18, covered
electrode). Even though the application of the DC field did reduce the variance in most cases, sweeping
ions from the system between PDIV measurements did not make a major improvement in reproducibility.
The covered electrode reduces differences in PDIV between the horizontal and vertical arrangements
compared to the bare plane electrode (Figures 3-8, 3-9, 3-12, 3-13, 3-16, 3-17) as is clear from the ratio
plot in Figure 3-18. The largest difference with a bare electrode is about 15% observed for the 10 m
needle at a gap distance of 10 mm. In general, the horizontal values tend to be slightly higher for the 10
and 20 m needle at all gap distances with the bare plane electrode. Conversely, the PDIV values for the
vertical arrangement tend to be higher for the 40 m needle with deviations of as great as 22%. One
explanation could be that the covered electrode experiments were always carried out first for the
horizontal and vertical arrangements and no breakdown could occur in this configuration. Breakdown
occurred many times when using a bare electrode, and this may have had an effect on the data as a result
of damage to the needle tip (Figure 3-3).

Figure 3-18. Ratio of the horizontal to vertical arrangement PDIV values () obtained from the Weibull
distribution analysis for all needle tip radii and both the covered and bare plane electrodes.
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The greatest confidence limits for both the arithmetic mean and the Weibull characteristic value was
produced with a 40 m needle in the horizontal and vertical arrangements, and application of a DC field
between measurements did not improve the data greatly, as seen in Figure 3-18. The relatively large tip
radius of this needle makes it unsuitable for PDIV measurements, as it tends to make the electric field less
divergent, or more homogenous at the tip. A more homogenous field distribution has a tendency to create
more statistically random pulses and can be essentially viewed as a conventional breakdown test of the
fluid. As a result, the most interesting results to analyze in regards to PDIV are those corresponding to the
10 and 20 m needles.
The ultimate question to ask is whether the data for horizontal and vertical arrangements differ at a
statistically significant level. The WinSMITH software used to plot the Weibull distributions also
provides a means to compare data through a likelihood ratio test. By specifying a confidence interval of
90% for all data sets (i.e., from Figures 3-6 to 3-17), a likelihood contour plot in the / plane is
generated, and the limits of the contour define two-sided joint confidence bounds for eta and beta. As a
result, overlapping contours are strong evidence that the data sets are from the same distribution and can
be mixed together to improve data confidence [132]. In other words, an overlap in contours would mean
that the data can be considered statistically “indistinguishable”. Tables 3-4 to 3-6 show the likelihood
ratio contour plots for all needle-plane geometry configurations.
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Table 3-4. Likelihood Ratio Contour Plots for the 10 m needle based on 90% confidence intervals of the data
presented in Figures 3-6 to 3-9.
Plane
Electrode

Likelihood Ratio Contour Plot (following DC
field application)

Likelihood Ratio Contour Plot

Covered

Bare

Table 3-4 shows that the 10 m needle in conjunction with the covered electrode only has one gap
separation (5 mm) that can be considered indistinguishable. Upon application of a DC field, however, all
gap separations become indistinguishable. The use of the bare plane electrode results in a larger
dispersion in data and the application of a DC field does not improve this much. The 15 mm horizontal
and vertical data can be treated as indistinguishable without the application of a DC field and, conversely,
distinguishable with the DC field. Interestingly, the 10 mm horizontal and 15 mm vertical as well as the
15 mm horizontal and 20 mm vertical arrangements can be considered statistically indistinguishable with
and without the application of a DC field, although this may not have any statistical relevance.
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Table 3-5. Likelihood Ratio Contour Plots for the 20 m needle based on 90% confidence intervals of the data
presented in Figures 3-10 to 3-13.
Plane
Electrode

Likelihood Ratio Contour Plot (following
DC field application)

Likelihood Ratio Contour Plot

Covered

Bare

.

Table 3-5 shows that the 20 m needle, when used with the covered plane electrode, provides
indistinguishable data for all gap separations whether a DC field is applied or not. These results change
dramatically when the bare plane electrode is used. With an applied DC field, the 15 mm horizontal and
vertical data are indistinguishable. The contours of 20 mm horizontal and 20 mm vertical also overlap.
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Table 3-6. Likelihood Ratio Contour Plots for the 40 m needle based on 90% confidence intervals of the data
presented in Figures 3-14 to 3-17.
Plane
Electrode

Likelihood Ratio Contour Plot (following DC
field application)

Likelihood Ratio Contour Plot

Covered

Bare

Table 3-6 shows that the 40 m needle has indistinguishable data sets for the 5 mm and 15 mm
configurations when used with the covered electrode. Following an applied DC field, the 5 mm
configuration remains indistinguishable, while the 15 mm configuration does not. Furthermore, the 10
mm configuration becomes indistinguishable. The use of the bare plane electrode results in larger
dispersion in the data with only the 20 mm horizontal and vertical data being indistinguishable.
Tables 3-4 to 3-6 indicate that the horizontal and vertical configurations are always indistinguishable
for a covered electrode and a 5 mm gap, with or without application of a DC field between measurements.
This is a convenient measurement configuration as the relatively small gap limits the required voltage to
achieve PDIV. This also indicates a gap distance at which the exact needle radius does not matter. With
bare electrodes, flashovers were inevitable during PDIV measurement, and such flashovers increased
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needle tip roughness resulting in increased dispersion in the PDIV data and a lack of distinguishability in
terms of overlapping 90% confidence intervals. Figure 3-19 shows the mean PDIV with 90% confidence
limits for vertical and horizontal configurations as a function of needle tip radius. Together with Table 37, it can be seen that, when the covered electrode is used, the 20 m needle is the only one in which the
means overlap at 90% confidence at all electrode gap separations. The means overlap at 90% confidence
for all needles tested at 5 mm gap distance. Table 3-7 also shows that the type of distribution chosen to
determine statistical distinguishability is not relevant.

PD Inception Voltage (kV)

30

5 mm Horizontal
5mm Vertical
10 mm Horizontal
10 mm Vertical
15 mm Horizontal
15 mm Vertical

28
26
24
22
20
18
16
10

20

40

Needle Tip Radius (m)
Figure 3-19. Plot of mean PDIV values for all needles in the horizontal (solid line) and vertical (dashed line)
electrode geometries with 90% confidence intervals as a function of needle tip radius using a covered plane
electrode. Note that at 20 m tip radius, the PDIV for horizontal and vertical configurations is
indistinguishable for all gap distances employed.
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Table 3-7. Mean and Weibull characteristic PDIV values based on the Normal and Weibull distributions as a
function of electrode gap separation and needle tip radius with a covered plane electrode. Blue highlighted
cells indicate the horizontal and vertical values are statistically inseparable based upon overlapping of 90%
confidence intervals on the mean (Normal distribution) or overlapping likelihood ratio contour plots at 90%
confidence (Weibull distribution).

Needle
(μm)

10
20
40

Electrode
Geometry
Horizontal
Vertical
Horizontal
Vertical
Horizontal
Vertical

Electrode Gap Separation (mm)
5
10
15
Distribution Dependent Mean PDIV (kV)
Normal Weibull Normal Weibull Normal Weibull
17.4
17.9
20.9
21.4
24.6
25.1
16.9
17.3
19.4
20.2
22.6
23.3
17.0
17.7
20.0
20.6
23.4
24.0
17.3
17.8
20.0
20.9
23.9
24.7
19.4
19.9
22.1
22.9
26.5
27.4
19.1
19.6
23.9
24.3
26.1
27.1

According to the description of likelihood ratio contour plots in WinSMITH, if the plots overlap, the
two data sets can be treated as one to increase the size of the data set and, thus, increase overall data
confidence [132]. Figure 3-20 shows the differences in 90% confidence intervals when the same electrode
separation data sets are combined compared to the individual data sets previously shown in the Weibull
distribution plots for the 20 m needle. It is clearly evident that data confidence improves by a narrowing
of the 90% confidence intervals.
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Figure 3-20. Comparison of the Weibull distribution plots with 90% confidence intervals for the 20 m needle
with the covered plane electrode (top) and the conjoined electrode separation data sets (bottom). The data
sets could be combined as they were determined to be indistinguishable with the likelihood ratio contour plot
in Table 3-5.
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3.4 Discussion
PDIV is a statistical phenomenon based on random events, and in liquid dielectrics must be defined
clearly to achieve reproducible and comparable measurements. PDIV values can be determined fairly
precisely in void-containing solid insulation systems because voids tend to have a fairly well defined
breakdown voltage [84]. In liquid dielectrics, PD tends to be more erratic and takes the form of a train of
pulses which are integrated to a single PD event by a narrowband PD detector as seen in Figure 3-21 [8486]. As a result, the IEC 61294 definition of PDIV in liquid dielectrics is fairly high and would consist of
numerous PD pulses.

Figure 3-21. PD pulse burst (upper trace) and resulting integrated PD pulse from a narrowband detector
(lower trace). The sum of the magnitudes of the pulse burst is equal to the single PD event [86].

PDIV could be defined in terms of the number of pulse bursts which occur within a given time. For
example, Pompili et al. [84] define the PDIV to be the voltage at which one or more PD pulse bursts were
recorded during a 10 minute interval. Another possible definition is the voltage at which one or more PD
pulses first appear, dependent upon the background noise level [133]. Negative streamers have a lower
inception voltage than positive streamers since the negative electrode can provide seed electrons to

60

initiate discharge, which makes negative discharges more reproducible than positive. However,
definitions based on small numbers of infrequent occurrences of pulses are subject to interference from
intermittent noise sources.
As PDIV is very sensitive to the definition used, it is important that the definition is appropriate to the
measurement conditions, i.e., in the field or in the laboratory. The definition set forth by IEC 61294 seems
to have somewhat more merit, as it essentially defines the voltage at which a striking change in the
discharge characteristics is noticed far above the background noise level. This removes the limitations of
PD detector sensitivity and background noise level. On the other hand, this creates complications when
using a bare electrode, as many times the initiation of the first positive streamer will cause the apparent
charge to go above 100 pC, which could cause breakdown to occur. Positive streamers tend to be much
larger in magnitude and, thus, propagate further than negative streamers. Moreover, positive streamers are
influenced greatly by the space charge limited field, and their initiation occurs at random voltages.
The application of a DC field did tend to lower the scatter of PDIV data, as seen in decreased
standard deviation and increased slope parameter in the Weibull plots and in Table 3-3. The DC field will
not completely rid the system of charge, but allow for a better measurement starting point as it helps to
maintain a controlled measurement condition. This is especially true for measurements following a
breakdown with a bare electrode or large streamer with or without a covered electrode. The DC field will
cause drift movement of the charge carriers and along the way processes such as charge recombination
between electrons and ions, or anions and cations, charge transfer, and charge elimination in the vicinity
of the electrodes will occur. Cosmic rays will have an effect on this equilibrium, as they will readily
produce additional charge carriers. Furthermore, since the IEC 61294 value of 100 pC is fairly large and
smaller discharges occur beforehand, a space charge limited distortion of the field occurs prior to the
PDIV reading.
However, according to standards utilized for empirical measurements, a DC field is never applied
prior to testing and, as a result, the remaining discussion will pertain to the measurement results without
the prior application of a DC field. It was shown with the likelihood ratio contour plots in Tables 3-4 to 361

6 that the horizontal and vertical arrangement cannot be considered statistically indistinguishable for all
electrode gap separations. In matter of fact, only the 20 m needle had indistinguishable results for all
electrode gap separations when used with the covered plane electrode. There were also indistinguishable
results pertaining to the 5 mm gap distance with the covered electrode, regardless of the needle tip radius.
With the use of the bare plane electrode, all results became distinguishable due to a large dispersion in
data. As a result, the horizontal and vertical electrode arrangements can be generally considered to be
distinguishable, i.e., their distributions can be considered different and, as a result, the PDIV values will
differ with the use of a bare electrode. Table 3-7, however, shows that the results can be considered
indistinguishable when a covered plane electrode is used.
As was mentioned in Equation (3-1),  can be considered to be the shape parameter, while  can be
considered the scale parameter [132]. When looking at the individual scales of the likelihood ratio contour
plots, a general trend in  and  can be seen. There is always considerable overlap in the  scale, while
there is no overlap in the  scale for distinguishable results. This would suggest that the failure
mechanism is similar in both geometries, yet the time scales for failure, or in our case the PDIV of the
fluid, are different.
Evidence was shown of a slight decrease in PDIV in the vertical electrode geometry from the
arithmetic mean and the Weibull distribution plots. What was noticeable in the likelihood ratio contour
plots of the bare plane electrode was the correlation of indistinguishable results between horizontal data
with respect to 5 mm larger gap distance vertical data (for example: 10 mm horizontal and 15 mm vertical
arrangements). This further indicates a lowering of the PDIV occurs in the vertical arrangement with
respect to the horizontal arrangement. In other words, when looking at the overlap in the  scale, the
PDIV value in the 10 mm horizontal geometry is similar to the 15 mm vertical geometry. Since ions
within the fluid are not affected by gravitational pull and the EHD motion is the same in the horizontal
and vertical geometry, one could assume that the production of bubbles following a streamer event would
have an effect on PDIV. The initiation of a streamer correlates to a region of low density or a “gaseous”
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cavity, where PD pulses occur through an electron avalanche. If the field is high enough the cavities will
continue to discharge and the increasing internal vapor pressure will cause them to expand until the vapor
pressure falls to or below the hydrostatic pressure within the dielectric fluid [81, 85]. In the horizontal
arrangement the bubbles produced following a streamer event would float away from the high voltage
(HV) source, causing the field within the bubble to collapse, yet in the vertical arrangement, the bubbles
would move towards the HV and continuous discharges could take place elongating the bubble from
which the PDIV could be lowered. The data in this report points to this hypothesis, and as a result, this
would also suggest that PDIV obtained in a horizontal geometry is a “truer” indication of the material
property. The same correlation of indistinguishable results in the likelihood ratio contour plots was not
evident when the covered plane electrode was used and could be due to the decreased dispersion in data
and the effect of smaller electrode gap distances. At smaller gap distances the field between the electrodes
is high enough for PDIV to occur at the needle tip and not from a floating bubble towards the HV.
The differences seen in regards to PDIV values in a horizontal or vertical needle-plane electrode
geometry should allow one to make judgments as to which arrangement would be most useful for
standard measurements. Many advantages can be recognized with the use of a horizontal arrangement,
such as the fact that the bubbles produced following a streamer event would float away from the high
voltage (HV) source. Furthermore, impurities and particles within the dielectric fluid have the possibility
of being deposited on the plane electrode in the vertical arrangement, which could affect the field
distribution between the electrodes. In the horizontal arrangement the particles would simply descend to
the bottom of the test cell away from the electrodes. Last but not least, the horizontal arrangement would
allow for a more compact instrument design, as is the case for the DTA 100C. Although we simply used
the DTA 100C on its side for the vertical arrangement, this would not be practical in the field. Usually the
vertical arrangement is an external cell that requires an external HV power supply and is not particularly
suitable in a compact instrument due to clearance issues of the HV feed into the vertical test cell. An
important limiting factor would be to have a corona-free voltage source and transmission to keep the
background noise low and measurement sensitivity high. Moreover, the external electric field generated
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by the HV would influence the local electric field between the needle-plane geometry, which may have an
effect on PD characteristics. The larger the distance away from the test cell, the lower the effect would
presumably be which, again, limits its compact design.

3.5 Conclusion
Over 1000 PDIV measurements in hexadecane were conducted in this comparative study with
different needle tip radii, electrode separation distances, and plane electrodes in a horizontal and vertical
arrangement. A slight lowering of the PDIV in the vertical arrangement was seen compared to the
horizontal arrangement and the significance of this is contingent upon a criterion that the user defines.
When examining average PDIV values and considering the statistical randomness of PDIV according to
IEC 61294, it could be stated that there is no major change between the horizontal and vertical electrode
geometries. However, according to a likelihood ratio test conducted to compare the PDIV distribution in
the horizontal and vertical electrode arrangements, all of the results can be considered to be
distinguishable, i.e., they differ at a statistically significant level with the use of a bare plane electrode.
This provided further evidence of the random statistical nature of PDIV. Conversely, the results can
generally be considered to be indistinguishable with the use of a covered plane electrode, which has the
added benefit of precluding needle damaging breakdowns. The vertical arrangement has been a popular
choice in the past for the initiation of streamers and the IEC 61294 standard is also based upon this
arrangement. It has been shown that a compact design along the lines of the DTA 100C with the test cell
in a horizontal arrangement can be successfully utilized to determine empirical parameters of the
dielectric fluid being tested. In fact, the horizontal arrangement may also give statistically more accurate
results as factors such as the migration of bubbles towards the high voltage and the deposition of particles
on the plane electrode are eliminated.
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CHAPTER 4
Influence of N,N-Dimethylaniline and 1,1,1-Trichloroethane
on Partial Discharge Characteristics in Hexadecane
4.1 Introduction
Chapter 3 showed that when using a covered plane electrode and a 20 m tungsten needle there was
no statistical difference in partial discharge inception voltage (PDIV) between a vertical and horizontal
electrode geometry. As a result, the horizontal geometry as used with the DTA 100C was deemed to be
suitable for recognition of PD characteristics in dielectric liquids. As the physics of streamers propagating
through liquid dielectrics has been studied extensively, the remainder of the thesis focuses on establishing
a relationship between changes in chemical characteristics of the dielectric fluid and partial discharge
(PD) characteristics. Initial experiments focused on addition of chemicals with known electrochemical
properties such as N,N-dimethylaniline (DMA), a low ionization potential compound, and 1,1,1trichloroethane (TCE), which is highly electronegative. The introduction of low ionization potential
species or electronegative species cause differing changes in PD characteristics and such effects are best
investigated with a synthetic dielectric fluid, such as hexadecane, to provide a well defined and
reproducible base fluid.

4.2 Experimental
4.2.1 Materials
Additives with known electrochemical properties such as N,N-dimethylaniline (DMA), a low
ionization potential compound, and 1,1,1-trichloroethane (TCE), a highly electronegative species were
chosen. DMA has an experimental gas phase ionization potential of 7.12 eV, while that of TCE is 11.37
eV [115], and TCE has an experimental electron affinity of -0.42 eV [134]. Figure 4-1 displays the
chemical structures of the relevant compounds. DMA and TCE were purchased from Sigma-Aldrich with
purity of 99%. Hexadecane was filtered and degassed prior to every measurement; however, filling the
test cell causes some gas absorption. Solutions of 0.01, 0.05, and 0.1 mol/l were made by mixing DMA or
TCE into the degassed hexadecane with a magnetic stirrer within the test cell without pre-treatment of the
additives.
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Figure 4-1. Chemical structures of hexadecane, DMA, and TCE.

4.2.2 Partial Discharge Measurements
The PD characteristics were measured with the BAUR DTA 100C Breakdown Tester modified to
incorporate a conventional PD coupling circuit in accordance to IEC 60270 [32] as described in Chapter
2. The PD was detected and recorded using the Doble-Lemke LDS-6 digital PD measuring system.
Tungsten needles of 3 cm length, 1 mm diameter, and tip radius of 10 and 20 m were employed and the
needle-plane geometry was set up within a 400 ml test cell with a gap separation of 1 cm from the needle
tip to the covering on the plane electrode. A differential AC voltage was applied with a rise rate of 0.5
kV/s, and the voltage was held at 30 kVRMS for 1 minute. Measurements were separated by 2-3 minutes to
allow residual space charge to redistribute within the test cell. A total of 20 measurements was conducted
for each sample, of which 10 measurements were focused on positive and 10 on negative streamers as a
result of the large discrepancy in charge magnitudes between the two streamer types. All measurements
were recorded and saved using the LDS-6 software and subsequently exported to ASCII files for data
analysis. The PD parameters analyzed were PDIV, number of streamers, and phase resolved PD (PRPD)
patterns.
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4.3 Results and Discussion
The initiation and propagation of positive and negative streamers in a needle-plane electrode
geometry immersed in oil differ greatly. Filamentary positive streamers initiate once a critical field at the
electrode has been reached [89], which results in electric field dependent molecular ionization that creates
slow positive ions and fast electrons [90-93]. The highly mobile electrons are either trapped by
electronegative species within the oil or move towards the anode, creating an area of net positive space
charge. As the mobility of electrons is greater in a gas phase than a liquid phase, the motion of electrons
under the influence of the local electric field causes Joule heating of the oil and, therefore, the positive
streamer can be viewed as a moving dissipative source. The effect of homocharge, as the electrons are
swept towards the anode, causes an increase in the net positive electric field at the streamer tip which
allows it to propagate until the voltage drop across the streamer channel is too large to sustain the field at
the streamer tip, and the streamer channel collapses into microbubbles. Negative streamers arise from the
ability of the cathode to provide seeding electrons into the oil. Electrons can penetrate into the liquid
which facilitates vaporization of the liquid through heating and creation of a microbubble [45-49, 89, 102104]. If sufficient heating occurs, gas discharges can take place, which provides energy for expansion of
the bubble. Once the bubble collapses under the hydrostatic pressure of the liquid, it detaches from the
electrode and moves into the bulk of the liquid [46, 47].
Hexadecane was measured initially as the control substance for the experiment. Figure 4-2 shows
hexadecane’s typical PRPD pattern for the positive and negative streamers, which is typical of a needleplane geometry immersed in a dielectric fluid [76, 87]. Mainly negative streamers are detected during the
measurements, as these tend to have high repetition rates. The positive streamers are less frequent but
have much larger charge magnitudes (ca. 10,000 pC) than the negative streamers. A quasi-exponential
decrease in the number of pulses with apparent charge magnitude appears to be characteristic of oils [88].
The positive streamers observed are the same types as observed under impulse voltages [76]. They have
the appearance of corona discharges in a gaseous medium, and their PRPD patterns show a tendency for
the pulses to bunch together at the peak of the positive AC waveform. The negative streamer discharge
characteristics are similar to that of a small void in solid insulation.
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Figure 4-2. Typical phase resolved PD pattern of hexadecane using a 20 μm tungsten needle, showing the
positive streamers (left) and negative streamers (right). The color scale was shown in Figure 2-10 and
indicates the pulse repetition rate, with increasing rate from blue to red.

The fast migration of electrons toward the anode during positive streamer propagation facilitates
impact ionization within the low density streamer channel causing an electron avalanche to occur. These
Townsend discharges can only be observed when the focus of the PD pattern is drawn to the negative
discharges (Figure 4-2, right), as they have very low charge magnitudes (ca. 30 pC). The PD pattern from
these discharges is similar to that from a small void in solid insulation, as the gaseous channel volume is
fairly stable. The critical field at which positive streamers initiate is usually at or near the peak of the
positive AC halfwave and hence, the subsequent Townsend discharges also occur at that position.
Figure 4-3 shows the PDIV of hexadecane as a function of the concentration of additives and the tip
radius of the tungsten needle. PDIV was calculated according to IEC 61294, which defines PDIV for a
dielectric liquid as the lowest voltage at which PD occurs with an apparent charge magnitude of 100 pC
[6]. As can be seen, the presence of additives in solution causes a decrease in PDIV. The effect of
lowering the PDIV seems to be greater with the electron-trapping additive (TCE) with the 10 m needle
than with the low ionization additive, DMA. Not surprisingly, PDIV is slightly lower for the 10 m
needle, which can be explained by Equation (2-1) given in [116]. Taking our electrode configuration into
account, the 10 and 20 m needles produce Laplacian electric fields of 723 MV/m and 395 MV/m,
respectively, at 30 kVRMS. Hence, the critical field necessary to initiate streamers can be achieved at lower
voltages for the smaller tip radius.
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Figure 4-3. Average PDIV with 90% confidence intervals as a function of concentration of DMA and TCE
using the 10 μm needle (top) and the 20 μm needle (bottom). A concentration of 0 mol/l corresponds to pure
hexadecane.

Figure 4-4 shows the correlation of the average number of positive and negative streamers detected
per voltage cycle during the 1 minute recording interval at 30 kVRMS as a function of the concentration of
additives and the needle tip radius. The introduction of an electron-releasing or electron-attaching additive
tends to increase the number of positive streamers initiated.
Considerable differences in the negative discharge repetition rate are observed when comparing the
two additives. The electron-releasing properties of DMA facilitate electron avalanches, and more
discharges occur as the concentration of DMA increases. However, Figure 4-4 does suggest that the
influence of DMA saturates above 0.05 mol/l. Field emission and impact ionization contribute highly
mobile electrons to the ionized gas phase of negative streamers. The drift velocity of the electrons in the
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gas phase is greater than the propagation velocity of the streamer so that electrons can penetrate into the
liquid, which facilitates vaporization and streamer growth through heating [45, 89, 102-104]. The
presence of DMA reduces the critical field necessary for molecular ionization to occur, which causes the
injection of electrons, as less energy is required for impact ionization [56, 59]. This eases the formation of
avalanches relative to pure hexadecane. Therefore, DMA increases the number of positive as well as
negative streamers.

Figure 4-4. Correlation of the average number of positive streamers per AC voltage cycle greater than 1000
pC (top) and negative streamers greater than 20 pC (bottom) detected during the 1 minute recording interval
at 30 kVRMS with 90% confidence intervals as a function of concentration of DMA and TCE and the needle
tip radius. A concentration of 0 mol/l corresponds to pure hexadecane. Red indicates the y-axis to the left of
the graph and blue indicates the y-axis to the right of the graph.
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The greatest changes were observed after the addition of TCE, even at low concentrations. The
addition of an electron scavenging material at low concentration initially suppresses the overall pulse rate
for negative discharges. At increasing concentrations, TCE had a clear effect on the negative streamers,
which tended to become faster and more filamentary; hence, their charge magnitudes become more
comparable with those of positive streamers, as seen in Figure 4-5. Initial pulses have a higher magnitude
than subsequent pulses due to space charge effects. A negative space charge layer forms at the tip of the
streamer due to electron injection into the liquid, which causes a field reduction within the bubble. This
results in smaller magnitude discharges and a broadening at the base of the PD pattern during the negative
halfwave. As is well known for solid dielectrics at high electric fields, traps enhance conduction by trap
assisted tunneling or hopping [97, 98]. TCE, on the other hand, can be viewed as an electronegative
species within a gas that captures electrons, which creates a low ionization potential species and,
therefore, provides seeding electrons for electron avalanches to initiate. Furthermore, as the electrons are
captured and less are able to diffuse, a high concentration of anions is created. A region of low density is
created more efficiently because the electric energy and space charge deposition is focused to a smaller
region at the streamer/liquid interface. An increase in negatively charged species within the bulk of the oil
creates a field enhancement upon polarity reversal, especially if slow positive ions are close to the needle
tip. This allows a greater number of positive streamers to initiate at a critical field.

Figure 4-5. Phase resolved PD pattern of 0.1 mol/l TCE solution showing the increase in charge magnitude of
the negative streamers compared to the negative streamers in hexadecane in Figure 4-2.
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The needle tip radius seems to have an effect on the initiation of streamers. With DMA as an additive,
both the number of positive and negative streamers increases with the 20 m needle with respect to the 10
m needle. This could be due to the larger volume of liquid at high electric field, which augments the
effect of the low ionization potential compound. Conversely, TCE tends to inhibit positive streamer
initiation below a critical TCE concentration at which sufficient anions become available to facilitate an
electron avalanche. This was not observed for the 10 m needle, as the applied electric field was large
enough to ionize the liquid.

4.4 Conclusion
The use of a digital PD measuring system to characterize the effect of additive to hexadecane has
been successful. Unfortunately under AC conditions, space charge effects modify the electric field
distribution at the needle tip and have a major influence on the determination of PDIV. At 90%
confidence, the variation in PDIV as a function of additive and concentration is rarely statistically
significant. However when comparing the repetition rate and PRPD patterns of positive and negative
streamers, more information on the state of the oil can be acquired. The presence of DMA increases
ionization and eases the formation of avalanches relative to pure hexadecane. The addition of TCE at low
concentration initially suppresses the overall PD pulse rate for negative discharges and with increasing
concentration, the negative streamers tend to become faster and more filamentary; hence, their charge
magnitudes become comparable with those of positive streamers.
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CHAPTER 5
The Effect of Oxidative and Paper Degradation Impurities on
Partial Discharge Characteristics of Hexadecane
5.1 Introduction
Most fluid filled electrical equipment consists of liquid-paper dielectric systems. An example of an
oil-immersed transformer is shown in Figure 5-1. The disc windings are wrapped with Kraft paper and
separated with pressboard, while the rest of the transformer is filled with dielectric fluid.

Figure 5-1. Schematic view of the interior of an oil-immersed transformer [17].

The main ageing effects seen in transformers are associated with oxidation of the fluid and
overheating of the cellulose. Heat, hot electrons, and/or UV radiation from electrical discharges, can
cause bond cleavage of polymers resulting in formation of very reactive free radicals. Small fractions of
broken molecules can react with one another to generate low molecular weight gases that dissolve in the
oil and which can be detected with dissolved gas analysis (DGA) based on gas chromatography. The most
common bond cleavage is from hydrogen abstraction and, if the small free radicals are surrounded by
normal hydrocarbon chains, all pairs may recombine to no net effect, which is known as a “cage effect”
[14]. Presence of molecular oxygen results in the formation of water, alcohols, and carbonyl groups
(aldehydes, ketones, and carboxylic acids). This process is known as auto-oxidation and arises from the

73

paramagnetic nature of molecular oxygen, as its ground state contains two unpaired electrons that are very
reactive with the unpaired electron of a free radical.
Insulating paper used in transformers is usually made by the Kraft pulping process, which removes
lignins and hemicelluloses from wood pulp. This process increases the cellulose fraction of the paper to
about 90% [21]. A great deal of research has been devoted to understanding the mechanisms of cellulose
degradation in electrical apparatus, with much of the work focused on thermal, oxidative, and hydrolytic
degradation processes which decreases the degree of polymerization and generates furanic compounds
and moisture [21-27]. In all processes, depolymerization of cellulose results in degraded forms of glucose
and, as a result, many of the studies have focused on decomposition to monomeric glucose [21, 25]. The
degradation of glucose yields furans and related compounds, the most common being 2-furaldehyde (also
known as furfural), 5-methyl-2-furaldehyde, 5-hydroxymethyl-2-furaldehyde, 2-acetyl furan, and 2furfurol, where 2-furaldehyde is the most abundant form. The formation mechanisms are explained in
detail in [21]. These products are of technical importance in power transformers, as they are partially
soluble in oil and can be quantified by using high-performance liquid chromatography as a basis for
routine condition monitoring [22-24, 26, 27, 135].

5.2 Experimental
Partial discharge (PD) characteristics were correlated with the concentration of naturally occurring
degradation products from oil/paper and the electrochemical characteristics of those products. Various
chemical additives were employed, the chemical structures of which are shown in Figure 5-2 and
ionization potential (IP) of which is shown in Table 5-1 based on experimental values from the literature.
Solutions of 0.01 mol/l were made by mixing the chemicals into degassed hexadecane with a magnetic
stirrer within the test cell without pre-treatment of the additives. This chapter presents the variation in PD
characteristics for degradation products typical of oxidation in the oil and paper degradation due to
overheated cellulose.
The PD characteristics were measured with the BAUR DTA 100C Breakdown Tester and detected
and recorded using the Doble-Lemke LDS-6 PD measuring system according to the method described in
Chapter 2. A tungsten needle of 3 cm length, 1 mm diameter, and tip radius of 20 m was employed. A
total of 20 measurements was conducted for each sample, of which 10 measurements focused on positive
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and 10 on negative streamers as a result of the large difference in charge magnitudes between the two
streamer types. All measured data were recorded, saved, and subsequently exported to ASCII files for
analysis.
As IP and electron affinity (EA) are extremely important parameters governing the initiation and
propagation of streamers in liquids at high electric field, density functional theory (DFT) calculations
were conducted for hexadecane and a selection of additives for which no experimental literature values
could be located. All PD characteristics were correlated to the DFT results.

Table 5-1. List of additives that have known experimental IP. All values were obtained from [115], except for
tert-butanol, which was obtained from [136].
Additive

IP (eV) [115]

3,3-dimethyl-2-butanone

9.12

Acetone

9.703

2-Butanone

9.52

tert-Butanol

9.90 [136]

Isobutyraldehyde

9.71

2-Furaldehyde

9.22

2-Acetylfuran

9.02
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Figure 5-2. Chemical structures and names of the additives used in the simulated ageing experiments.
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5.3 Experimental Results
5.3.1 Ionization Potentials and Electron Affinities
IP is defined as the energy difference between a cation (N-1) and the neutral molecule (N), while EA
is the energy difference between a neutral molecule and an anion (N+1)

IP  W ( N  1)  W ( N )

(5-1)

EA  W ( N ) W( N 1)

(5-2)

where, W and N denote the total energy and the number of electrons in the molecule, respectively. The
evaluation of IP and EA from the above equations using computational quantum mechanics (DFT)
requires two calculations of total molecular energy, one with N and one with N-1 electrons for IP or N+1
electrons for EA, respectively. This method, generally referred to as Delta self-consistent-field (SCF)
method, provides a good estimate of IP and EA (typically within a few tenths of an eV) for atoms and
molecules [94, 137].
The DFT calculations were carried out using the Fritz Haber Institute ab initio molecular simulations
(FHI-aims) [138] code and the Perdew-Burke-Ernzerhof (PBE) [139] exchange-correlation functional was
used. The FHI-aims employs a basis set of numerical atom-centered orbitals (NAO). The standard NAO
basis set of tier2 was used consistently throughout the present study for all the atomic species. The atomic
coordinates of the molecules (neutral, positively and negatively charged ions) studied here were relaxed
until the total energy and the total force converged to better than 10-6 eV and 10-2 eV/Å, respectively. The
calculations on the cations, anions, and the neutral O2 molecule were carried out using unrestricted openshell method.
Next, we focus on IP of the molecules in presence of external electric field. The definition of IP given
in Equation (5-1) cannot be used for a molecule in an external electric field owing to the absence of a
proper reference. In other words, the energy of an ion placed in an external electric field depends on the
choice of origin. However, both theoretical [94] and experimental [140, 141] evidence demonstrates that
the field dependence of the IP can be captured, with sufficient accuracy by assuming the following
classical behavior (for the external fields as high as 300 MV/m),
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IP  IP0 

2e2
4 0 0

4 0 0 2 E
e

(5-3)

Here, IP and IP0 denote the ionization potentials of a given molecule in presence and absence of the
external field, E, 0, 0, and e represent the Bohr radius, permittivity of vacuum and electronic charge,
respectively. As intuition would suggest, a high external electric field (E) reduces the effective IP.
Table 5-2 shows the results of the DFT computation for zero field IP and EA of a number of small
molecules along with experimental values from the literature. Table 5-1 shows that only a few
experimental IP values could be found for a few of the additives utilized in the experiments, and no
literature values could be found for EA. As a result, DFT calculations were conducted to determine IP and
EA of a few of the molecules (i.e., hexadecane, decanoic acid, and hexadecanol) for which literature
experimental values do not exist. Figure 5-3 shows parity plots for IP and EA calculations to demonstrate
that the DFT-based computational method is accurate.
Table 5-2. DFT computation results of IP and EA for a number of small molecules compared to their
experimental values.
Ionization Potential (eV)
Electron Affinity (eV)
Molecule
Calculated
Experimental [115]
Calculated
Experimental [115]
2-Butanone
9.20
9.52
-1.11
2-Furaldehyde
9.09
9.22
0.238
3,3-Dimethyl-28.68
9.12
-1.02
butanone
Acetone
9.45
9.70
-1.20
C2H6
11.23
11.56
-3.98
CH3Cl
11.04
11.22
-0.251
CH3F
12.20
12.47
-1.35
CH3OH
10.42
10.85
-2.67
CH4
12.51
12.61
-4.30
CO2
13.71
13.77
-0.916
HCOOH
11.02
11.33
-1.40
iso-Butyraldehyde
9.36
9.71
-1.04
NH3
10.20
10.35
-3.17
tert-Butanol
9.36
9.90
-2.55
O2
12.37
12.07
0.165
0.451
N2
15.40
15.58
-2.16
F2
15.37
15.70
3.52
3.08
CCl4
10.60
11.47
0.606
0.994
O3
12.58
12.43
2.12
2.10
CF3Br
11.26
0.889
0.91
CF3I
10.28
10.23
1.23
1.57
CH3I
9.63
9.54
0.365
0.11
I2
9.22
9.31
2.58
2.524
IBr
9.68
9.79
2.61
2.55
Decanoic Acid
8.61
-1.36
Hexadecane
8.30
-2.71
Hexadecanol
8.01
-2.24
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Figure 5-3. Parity plots for DFT computed and experimentally measured values of IP (top) and EA (bottom)
for all the molecules in Table 5-2 for which experimental measurements are available.

5.3.2 Partial Discharge Inception Voltage
Partial discharge inception voltage (PDIV) was determined according to IEC 61294 [6] as the lowest
voltage at which PD occurs with an apparent charge magnitude equal to or greater than 100 pC. Figure 54 lists the average values from 20 measurements conducted per sample along with 90% confidence
intervals based on a Normal distribution. Hexadecane was measured numerous times as the control fluid,
and, as a result, its PDIV is listed as an average value from 110 measurements.
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Figure 5-4. PDIV according to IEC 61294 for the simulated ageing samples, where the values are given as
mean ± 90% confidence intervals based on Normal statistics. Data are organized in increasing PDIV relative
to hexadecane.

As can be seen in Figure 5-4, PDIV tends to decrease with the introduction of a known concentration
of typical oxidation degradation products. Figure 5-4 also shows that samples with a known concentration
of paper degradation products tend to increase PDIV relative to degassed hexadecane. Based on
overlapping of 90% confidence intervals on the means, only roughly two-thirds of the samples differ at a
statistically significant level from the PDIV of hexadecane. The 0.01 mol/l 5-hydroxymethylfuraldehyde
sample had a large confidence interval, as the molecule is extremely polar and difficult to dissolve in a
non-polar hydrocarbon.

5.3.3 Streamer Repetition Rates
The number of streamers detected above a certain apparent charge magnitude was determined from
the ASCII files. Figure 5-5 shows the average number of positive and negative streamers with 90%
confidence intervals for the simulated oxidative degradation and paper degradation products. All samples
correspond to an average of 10 measurements, except for hexadecane which is given as an average of 50
measurements.
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Figure 5-5. Average number of discharges per voltage cycle counted in 1 minute at 30 kVrms for positive (top)
and negative streamers (bottom) for the simulated degradation compounds. Values are given as mean ± 90%
confidence interval based on Normal statistics. All values are statistically separable based on non-overlapping
90% confidence intervals relative to hexadecane except for tert-butanol (positive and negative streamers) and
the positive streamers of 2-furaldehyde and furfuryl alcohol. The number of positive streamers was not listed
for 5-hydroxymethylfuraldehyde, as all streamers were below 1000 pC. Data are organized in increasing
number of streamers relative to hexadecane.
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5.3.4 Phase Resolved PD Patterns
All phase resolved PD (PRPD) pattern plots use the same color scheme as shown in Figure 2-10. The
color corresponds to the number of pulses per AC voltage cycle during the measurement above a set
threshold. Figure 5-6 displays the typical PRPD pattern of hexadecane, which was measured as the
control substance. The PD pattern is typical of a needle-plane immersed in a dielectric fluid [76, 88].
Mainly negative streamers are detected during the measurements, as these tend to have high repetition
rates. The positive streamers are less frequent but have much larger charge magnitudes (6,000-10,000
pC). The positive streamers are of the same type detected under impulse voltages [76] and the PRPD
patterns show a tendency for the pulses to bunch together at the peak of the positive AC waveform,
similar to corona discharges in a gaseous medium. The negative streamer discharge characteristics are
similar to that of a small void in solid insulation.

Figure 5-6. Typical phase resolved PD pattern of hexadecane used as the base fluid in the simulated ageing
experiments using a 20 m tungsten needle, 1 cm gap, and covered plane electrode. The positive streamers
are shown left and the negative streamers are shown right.

Table 5-3 displays the typical PRPD patterns for a selection of chemicals generated during ageing
which cover the main functional groups related to oxidative degradation, i.e., alcohols, aldehydes,
ketones, and carboxylic acids, as well as the most abundant paper degradation product (2-furaldehyde). In
addition, a few samples with two compounds were included to see which PD characteristics would
dominate in a mixture. All PD patterns correspond to the initial measurements, as the effect of space
charge from previous measurements was negligible.
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Table 5-3. Phase resolved PD patterns generated during the 1 minute recordings at 30 kVRMS for the positive
and negative streamers from several oxidative and cellulose degradation compounds in hexadecane. N/A is
given for the negative PRPD pattern of 5-hydroxymethylfuraldehyde because the positive and negative
discharges have similar charge magnitude and can, therefore, be displayed in one pattern.
Sample Name

Positive streamer PRPD Pattern at 30 kV

0.01 mol/l
Hexadecanol

0.01 mol/l isoButyraldehyde

0.01 mol/l
2-Butanone

0.01 mol/l
Lauric Acid

0.01 mol/l
2-Furaldehyde
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Negative streamer PRPD Pattern at 30 kV

Sample Name

Positive streamer PRPD Pattern at 30 kV

0.01 mol/l 5Hydroxymethylfuraldehyde

Negative streamer PRPD Pattern at 30 kV

N/A

0.01 mol/l 2Butanone
+ 0.01 mol/l
Decanoic Acid

0.01 mol/l isoButyraldehyde
+ 0.005 mol/l
Docosanoic Acid

0.01 mol/l 2Butanone
+ 0.01 mol/l isoButyraldehyde

From Table 5-3, we see that the PRPD patterns differ substantially with functional group. Alcohols
tend to increase the number of positive and negative streamers in comparison to pure hexadecane. The
positive streamers achieve the same maximum apparent charge amplitude (~10,000 pC), yet there are also
many smaller positive streamers close to the apparent charge baseline, which is uncharacteristic of
positive streamer propagation in dielectric fluids such as hexadecane. The negative streamers have the
same bulb-shape PRPD pattern as with hexadecane, but with a substantial increase in pulse rate. Ketones
result in similar PD patterns, with an increase in the number of both positive and negative streamers
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compared to hexadecane. The most fundamental differences in PD patterns occur with carboxylic acids
and aldehydes. Acids tend to increase the positive streamer pulse rate, while decreasing the negative
streamer pulse rate. Aldehydes also increase the positive streamer pulse rate; however, the major
differences are seen in the negative streamer PD pattern, where the pulse rate decreases and the bulbshape discharge pattern increases in PD magnitude. 5-hydroxymethylfuraldehyde produced interesting
results, as the positive and negative streamers had similar apparent charge magnitudes, as is common in
solid dielectrics and is uncommon in dielectric fluids. 5-hydroxymethylfuraldehyde is extremely polar
and forms a colloidal suspension in hexadecane which acts as a barrier to streamer formation and
propagation. Interesting results were also obtained when mixtures were analyzed, as seen in Table 5-3,
which shows that acids tend to dominate the discharge pattern, regardless of their concentration relative to
other chemicals present in solution.

5.4 Discussion
The presence of oxidative degradation products in the form of aldehydes, ketones, and especially
carboxylic acids, as well as paper degradation products in the form of furans and furanones, can influence
streamer activity through increased electronegative oxygen present in the oil. Intuitively, the presence of
an electron scavenger should initially suppress the overall pulse rate for negative discharges, as
electronegative species will trap electrons to form slow anions and thereby hinder discharge development.
This has been shown for a number of electron scavenging additives under impulse voltages [55-59, 61]
and also under AC excitation, where 1,1,1-trichloroethane was used as a highly electronegative additive
(Chapter 4). As the electrons are attached and less are able to diffuse, negative space charge decreases the
local electric field, puts the fluid under “tension”, and increases the negative charge density. With
increasing negative voltage, a field is reached at which electrons can detach from the negative ions by
impact ionization, which results in a large, fast negative streamer as a result of the stored negative charge
[56, 58].

5.4.1 Ionization Potential and Electron Affinity
Combining the IP and EA data of Table 5-2, the discharge repetition rate data of Figure 5-5, and the
PRPD patterns of Table 5-3 reveals some surprising results. Based on the increase in repetition rate of
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positive streamers following the introduction of additives in Figure 5-5, one would assume that the effect
of the additives on the PD characteristics was due to lower IP. The DFT calculations reveal that
hexadecane has a lower IP than all of the additives measured except for hexadecanol. This suggests that
the liquid IP of the additives, which is known to be lower than their gas phase IP, is lower than for
hexadecane. Liquids with a dielectric constant r≈2 decrease the liquid IP of the solute molecule by 1-2
eV or ~15% [10, 122, 142] according to the equation [10],

I liq = I gas + P+ +V0 + Eval

(5-4)

where Iliq is liquid phase IP, Igas is gas phase IP, P+ is the polarization energy or the change in free energy
on going from the vacuum to a dielectric for a cation, V0 is the energy of the conduction band minimum
with respect to vacuum, and Eval describes the broadening of the valence band upon condensation. P+ and
Eval (~0.1 eV for insulators) are always negative and V0 can be positive or negative depending on the
liquid [10]. Polarization energy is affected by the dielectric constant according to Born’s equation [10],

P+ = -

e2 æç
1ö
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8pe0 R è er ø÷

(5-5)

where e is elementary charge,  is permittivity of free space, and R is radius of the cation. According to
Equation (5-4), an increase in dielectric constant would increase the polarization energy, which in turn
would lower the liquid ionization energy as shown in Figure 5-7.

Figure 5-7. Schematic representation of the change in energy levels of an atom or molecule upon
condensation. Igas is gas phase IP, Iliq is liquid phase IP, P+ is polarization energy of a cation in the liquid, V0 is
the energy of the conduction band minimum with respect to vacuum, and Eval is the broadening of valence
band of the liquid upon condensation [10].
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The decrease in discharge repetition rate of negative streamers relative to hexadecane from acidic,
furanic, and aldehyde impurities suggests that these impurities have greater IP than hexadecane so that a
larger mean-free path is required for impact ionization and positive EA, i.e., the additive readily attaches
an electron to form a radical anion and thereby reduces the number of negative streamers initiated. The
DFT calculations revealed that most additives have negative EA values and, therefore, should not readily
attach an electron. The most negative EA value was associated with hexadecane and, along with its low
IP, suggests that the base fluid should produce the greatest positive and negative streamer repetition rate.
However, this does not explain the increase of negative streamers for alcohols and ketones relative to
hexadecane. According to the basic molecular parameter of EA, only 2-furaldehyde shows the general
trend in conventional wisdom of a positive EA with respect to a decrease in negative streamers when
compared to hexadecane. The discharge characteristics of hexadecanol can also be explained well using
IP and EA as molecular parameters, owing to the low IP and negative EA value, which results in
increased numbers of positive and negative streamers relative to hexadecane.
Although IP and EA are extremely important parameters to consider for the initiation and propagation
of streamers, evidently other chemical effects within the fluid take precedence. The DFT computations
are for an ideal situation in which a single molecule is in the gas phase with no interactions to neighboring
molecules. Although the discharges take place in a low density region within the dielectric fluid, the DFT
computations do not include many phenomena which take place in this high temperature, low density
region. These may include, but are not limited to, attractive intermolecular forces, such as dipole-dipole
interactions, solvent effects, decomposition of the additives within the streamer channels, and the effect of
a highly divergent electric field, which was shown in Equation (5-3) to reduce the effective IP.

5.4.2 Carboxylic Acids and Furanic Compounds
The changes in PD characteristics for carboxylic acids and furanic compounds can be attributed to a
high density of electronegative oxygen and resulting large electron capture cross section. Conjugation
within the furanic compounds augments their ability to trap electrons, as shown in Figure 5-7 and
indicated by the positive EA of 2-furaldehyde (0.238 eV). DFT computations indicate that carbonyl and
conjugated double bonds create deeper traps for electrons than hydroxyl or non-conjugated double and
triple bonds [143, 144]. Since most oxidative and paper degradation products have permanent dipole
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groups, attractive intermolecular forces will cause formation of clusters. The clusters will remain soluble
as the long chain non-polar alkane tails interact well with non-polar hexadecane. Likewise, carboxylic
acids hydrogen bond which creates clusters with many electronegative oxygen atoms in close proximity,
further increasing the electron capture cross section as shown in Figure 5-8. As a result, negative streamer
propagation is hindered by the electron capture cross section, even though EA of the impurity molecule is
negative and intuitively less likely to capture an electron. This can be seen in the substantial decrease in
negative streamers initiated in the presence of carboxylic acids which have negative EA, compared to the
furanic compounds which have positive EA. A similar effect was seen in Chapter 4, where 1,1,1trichloroethane was used as an additive within hexadecane and displayed similar negative discharge
characteristics to carboxylic acids due to a large electron capture cross section of the chlorine atoms and
despite an experimental EA value of -0.42 eV. At increasing acid concentrations, the negative streamers
tend to become faster and more filamentary; hence, their charge magnitudes become comparable with
those of positive streamers. This is shown in Figure 5-9 for a solution of 0.07 mol/l decanoic acid, a 7fold increase in concentration compared to the solutions in Table 5-3. At high electric fields, traps lead to
conduction by trap assisted tunneling or hopping conduction [97, 98]. Filled traps or areas of higher
electron affinity can provide seed electrons necessary for electron avalanches to initiate, as an anion has a
low ionization potential.

Figure 5-8. Conjugation effects seen in 2-furaldehyde (top) and hydrogen bonding in carboxylic acids
(bottom) which increases the electron capture cross section, where R denotes an alkane chain. The positive
EA from DFT calculations for 2-furaldehyde can be attributed to delocalization of an electron within the
conjugated system.
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Figure 5-9. Phase resolved PD pattern of a 0.07 mol/l solution of decanoic acid in hexadecane showing the
increase in charge magnitude of the negative streamers which become comparable to that of positive
streamers.

An increase in negatively charged species within the oil creates a field enhancement upon polarity
reversal to the positive halfwave, especially if slow positive ions, which have a typical mobility value of
10-9 m2/Vs [2, 10, 117, 127], are close to the needle tip. The resulting enhanced field at the needle tip
promotes initiation of greater numbers of positive streamers to initiate. Although positive streamers are
fast and filamentary in contrast to the slow and bushy negative streamers, branching occurs as determined
by optical methods such as Schlieren photography, which indicate that positive streamers tend to
propagate over the range of 45-60° from the axis of symmetry (2D axisymmetric geometry) [55-58, 67].
Data analysis of the ASCII files from the PD detection system indicate that many positive streamers can
occur in the same voltage half cycle at phase intervals in the range of 0.1°-0.5°, which corresponds to a
time difference of 4.63-23.1 s, and probably results from branching. Additional small branches are likely
to spread out from the main filament; however, they become integrated to a single PD event by the
integration time of the PD detector (~10 s) [145]. In general, two main branches emanating from the
anode during the positive AC halfwave seems more common than one filamentary streamer. Increased
electronegative oxygen within the fluid caused positive streamers to become more filamentary, with a
greater fraction of single streamers per half cycle as determined by the positive streamer distribution in
the ASCII files.
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5.4.3 Aldehydes
The change in PD characteristics after the addition of iso-butyraldehyde cannot be described by
conjugation effects. However, the absence of a large side chain in aldehydes does allow attractive
intermolecular forces to cluster the permanent dipoles more efficiently due to less restricting steric effects
of neighboring molecules. Therefore, a greater number of electronegative oxygen atoms are in close
proximity, which has the effect of creating a large electron capture cross section. This could explain the
significant reduction in the number of negative discharges detected relative to hexadecane, as more
electrons are captured to form slow anions, even though iso-butyraldehyde also has a negative EA value
based on DFT computations.
Another possibiility is that during the PD experiments, a Norrish type I fragmentation occurs, which
is a photochemical reaction that cleaves the iso-butyraldehyde to form an acyl radical. The hydrogen can
be abstracted very easily by a streamer, and absorption of a photon will convert the aldehyde into a
photoactivated species in its singlet or triplet excited state through intersystem crossing [146]. DGA was
conducted to determine that 4900 ppm of oxygen was present within the oil following heating and
degassing. This oxygen entered the fluid during the transfer of the fluid from the vacuum flask to a
syringe for DGA analysis and, therefore, a similar oxygen concentration was probably present during the
PD measurements. As the polar oxygen tends to be in the same vicinity as the aldehyde, it could readily
react with the acyl radical to form carboxylic acids or esters as shown in the reaction mechanism in Figure
5-10. Hence, the PD characteristics suggest a tendency to form carboxylic acids or esters during the PD
experiments, based on the significant decrease in negative streamer repetition rate relative to hexadecane
and the characteristic negative streamer PD pattern. This hypothesis was reinforced by gas
chromatography-mass spectrometry (GCMS) analysis of the fluid following the measurements, which
detected trace amounts of high electron capture cross section species. This tends to confirm the
importance of electronegative species, even at trace concentrations. The chromatogram is shown in Figure
5-11, and the structure of the compounds detected are shown in Figure 5-12. These compounds have the
ability to hydrogen bond and should, therefore, show a similar behavior to carboxylic acids.
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Figure 5-10. Photo-oxidation of an aldehyde to a carboxylic acid or ester via a Norrish type I fragmentation,
where RH is hexadecane.

Figure 5-11. GCMS chromatogram of 0.01 mol/l solution of iso-butyraldehyde in hexadecane following 20 PD
measurements (full test cycle), which shows that trace amounts of large electron capturing compounds were
formed through radical reactions during the experiments.

91

Figure 5-12. Structure of the trace amounts of compounds with large electron capture cross section produced
during the PD measurements of iso-butyraldehyde as detected by GCMS analysis. The names of the
compounds are propanoic acid, 2-methyl-, 2,2-dimethyl-1-(2-hydroxy-1-methylethyl)propyl ester (left) and
propanoic acid, 2-methyl, 3-hydroxy-2,4,4-trimethylpentyl ester (right).

5.4.4 Alcohols and Ketones
Alcohols and ketones cannot undergo conjugation effects as were seen with the furanic compounds,
and lacking a large electron capture cross section as for carboxylic acids, they should not affect the
negative streamer repetition rate. The effect of the attractive intermolecular forces will be less in ketones
due to steric hinderance of the side chains with neighboring molecules within the fluid. However, the
presence of electronegative oxygen in close proximity, especially through hydrogen bonding with
alcohols in conjunction with the IP data of Table 5-2 suggest that the number of negative streamers
should decrease. In addition, the number of positive streamers should increase due to the field
enhancement upon reversal of the voltage polarity to the positive halfwave created by increased presence
of electronegative oxygen. According to our measured data, only the latter statement is confirmed. This
further emphasizes the important effect of a large electron capture cross section. At a fixed concentration
of 0.01 mol/l for the additives, dramatic reduction in the negative streamer repetition rate was observed
only for the carboxylic acids, furanic compounds, and aldehydes, even though ketones also tend to form
deep traps for electron capture [144]. The increased number of positive streamers has an indirect effect on
the number of negative streamers initiated, even with larger IP of the additives relative to hexadecane. A
positive streamer will collapse into microbubbles once the voltage drop across the streamer channel is too
large to sustain the necessary electric field at the streamer tip. Upon polarity reversal, a region of low
density fluid is present in which negative discharges can take place, and this promotes negative pulse
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bursts. Therefore, even if the IP of alcohols or ketones is higher than the base fluid, an increase in positive
streamers will create the conditions for negative pulse bursts upon polarity reversal. Figure 5-13 shows an
oscilloscope screen shot that demonstrates the phenomenon. Following a positive pulse, there was a short
burst of a greater number of negative pulses in the subsequent negative halfwave relative to the preceding
one.

Figure 5-13. Oscilloscope screenshot showing the AC waveform (red) and irregular pulse bursts in the
negative halfwave following a large positive streamer (yellow).

5.5 Conclusion
Conventional PD detector has been used to measure the variation in PD characteristics among
samples with known concentrations of naturally occurring oxidative and paper degradation products. IP
and EA are extremely important parameters for the initiation and propagation of streamers, especially as
related to the mean-free path for impact ionization and the tendency for molecules to trap electrons to
form anion radicals. However, comparison of IP and EA computed using DFT with the PD characteristics
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of hexadecane with additives indicates that these two molecular parameters do not govern the discharge
processes. A higher IP relative to the base fluid does not assure decreased initiation of streamers, and a
negative EA value does not assure increased initiation of negative streamers, as intuition would suggest.
The presence of electronegative oxygen within the base fluid appears to govern the discharge
characteristics. The critical field necessary for positive streamer initiation is decreased due to field
enhancements caused by anions based on electronegative oxygen within the system, which promotes
negative streamer pulse bursts and an increase in negative streamer initiation even following addition of a
higher IP additive relative to the base fluid. Furanic compounds can undergo conjugation effects to trap
and delocalize free electrons and, hence exhibit positive EA values. Hydrogen bonding within carboxylic
acids decreases the number of negative streamers initiated by increasing the electron capture cross
section, as acids tend to have negative EA values. A strongly oxidized sample contains a large
concentration of permanent dipole impurity compounds, which form soluble agglomerations within a
non-polar hydrocarbon. A greater concentration of anions decreases the overall number of streamers;
however, when subjected to a high electric field, the anions enhance high field trap-assisted tunneling or
hopping conduction to form filamentary negative streamers. In addition, positive streamers become more
filamentary in the presence of anions.
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CHAPTER 6
The Effect of Aromatic and Corrosive Sulfur Compounds on
Partial Discharge Characteristics of Hexadecane
6.1 Introduction
In Chapter 5 changes in partial discharge (PD) characteristics were correlated with the concentration
and the electrochemical properties of naturally occurring degradation products associated with thermal
paper degradation and oxidation of the dielectric fluid. This chapter focuses on the effect of aromatic and
corrosive sulfur compounds commonly found in mineral oil used for electrical insulating applications on
the PD characteristics of hexadecane. Density functional theory (DFT) calculations of ionization potential
(IP) and electron affinity (EA) of the additives were conducted and correlated to their PD characteristics.
As transformer oil (mineral oil) is refined from petroleum, it contains a wide range of molecular
species based on a mixture of naphthenic species (cycloalkanes), paraffinic species (alkanes), and
relatively small amounts of aromatic compounds, all of which have a wide range of number density,
molecular weight, and structure. The aromatic compounds found in crude oil are generally known as
polycyclic aromatic hydrocarbons (PAH), as they are more commonly linearly and angularly condensed
with 2-7 fused benzene rings, often with alkyl substituted structures [2, 9, 147]. The composition ratio
and molecular weight distribution of compounds in mineral oil depends primarily on the origin of the
petroleum crude stock, i.e., the well and the region from which it was extracted. Refining of the crude oil
into fractions by distillation under atmospheric pressure or vacuum influences the molecular composition
ratio of the resulting dielectric fluid, depending on the temperature range over which a certain fraction is
collected.
The physical characteristics of a dielectric fluid are determined largely by the naphthenic and
paraffinic compounds, as those compounds constitute the majority of the fluid. An oil base is defined as
naphthenic or paraffinic based on the dominant component, and with equal fractions, the oil is known as
“mixed” [1]. Aromatic compounds tend to influence the chemical behavior of the dielectric fluid, as they
are generally more reactive due to the unsaturated double bonds; however, the aromatic content can also
influence the physical properties, as is shown in Figure 6-1. An optimum concentration of aromatics
maintains thermal properties similar to purely paraffinic or naphthenic oil, good oxidation stability, and
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excellent gas absorbing characteristics [9, 12]. Oils are known as weakly aromatic when the aromatic
content is less than 5% and highly aromatic when greater than 10% [1].

Figure 6-1. The influence of aromatic content (% CA) on physical and chemical properties of an insulating oil.
The properties correspond to (1) specific heat, thermal conductivity; (2) viscosity, refractive index, density;
(3) gas evolution; (4) gas absorption; (5) oxidation; and (6) inhibitor response in arbitrary relative ordinate
units [9, 12].

Crude oil used to make transformer oil may contain up to 20% by weight of elemental sulfur and
sulfur-containing compounds [12]. During refining and processing of the crude oil, most of the sulfurcontaining compounds are removed, but not all, which can cause corrosion-related problems. Thiophene
is a major sulfur compound within mineral oil, yet it is the most stable sulfur containing compound, and
therefore does not influence the corrosive properties of an insulating fluid [28]. Sulfur compounds can be
classified in increasing order of reactivity as thiophenes, disulfides, thio-ethers, thiols, and elemental
sulfur. Part of the refining process is to remove as much as these compounds as possible as well as other
reactive olefinic hydrocarbons and nitrogen and oxygen containing compounds through techniques such
as hydrogen treatment, filtration through clay to remove ionic and polar impurities, and solvent extraction
[2]. Often, residual sulfur-containing compounds remain in collected fractions, and of the many reactive
sulfur compounds, dibenzyl disulfide (DBDS) is a major contributor to deposition of copper sulfide
within transformers, which can lead to catastrophic transformer failures [28-31]. DBDS has also been
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added to dielectric fluid to reduce wear, friction, and improve oxidation stability [148]. Heat, such as that
from arcing in tap changers, is a major factor in breaking the disulfide linkage to produce mercaptans,
which are extremely reactive to metals [28-31]. The reaction mechanism of corrosive sulfur formation is
shown in Figure 6-2, which shows only the production of copper sulfide, although DBDS could also
dissociate into smaller compounds such as dibenzylsulfide, stilbene, dibenzyl, and toluene. The semiconductive copper sulfide tends to accumulate on the conductor surface as DBDS is small enough to pass
through the paper and reach the copper windings. After formation at the conductor surface,
semiconducting copper sulfide, in the form of micro particles, can migrate to layers of paper insulation
between the coil turns. Increased accumulation of copper sulfide over time reduces the dielectric strength
between coil windings, which can trigger intercoil breakdowns [28-30]. Copper sulfide suspended within
the bulk fluid can cause electrical discharges between leads and the grounded tank [30].
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Figure 6-2. Mechanism of the degradation of dibenzyl disulfide from heat to benzyl mercaptan and further to
ethyl benzene and copper sulfide.

In order to minimize the destructive nature of copper sulfide, dielectric fluids often contain metal
passivators which suppress copper sulfide formation and deposition. Passivators are usually benzotriazole
(BTA) derivatives of which Irgamet 39 is the most common [149-151]. Figure 6-3 shows the general
binding process of a metal passivator, where the lone pair of electrons on the nitrogen group forms a
dative bond with the reactive metal surface. As a result, fewer sites are available on the metal surface for
copper sulfide deposition to occur.
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Figure 6-3. General binding model for a metal passivator (Irgamet 39) within a dielectric fluid [149].

6.2 Experimental
Studies were conducted with the paraffinic hydrocarbon hexadecane purchased from Chevron
Phillips, as it provides a relatively pure base fluid with a molecular weight distribution very similar to that
of common dielectric fluids used in transformers. Moreover, hexadecane does not include any aromatic
compounds, so that relative studies could be conducted on the effects of such compounds on PD
characteristics. Hexadecane was degassed at 60°C prior to all experiments, resulting in a moisture content
of 1-3 ppm as determined with a Doble Moisture-in-Oil sensor.

6.2.1 Materials
Various chemical additives were employed, the chemical structures of which are shown in Figure 6-4.
Solutions of 0.01 mol/l were made by mixing the chemicals without pretreatment into degassed
hexadecane with a magnetic stirrer within the test cell. The PD characteristics of solutions of meta-xylene
and para-xylene were measured directly, as well as a 0.01 mol/l solution of xylene isomers obtained from
Sigma Aldrich which also contains ortho-xylene; hence, the inclusion of its structure in Figure 6-4. The
deposition rate of copper sulfide is directly proportional to the concentration of DBDS within the fluid,
which can be 100-1000 ppm [28]. As a result, solutions of 100 ppm were made for phenyl disulfide
(PDS), DBDS, and copper sulfide, and 1000 ppm for PDS and DBDS. Concentrations of 100 and 500
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ppm were chosen for Irgamet 39, where 200-500 ppm is the manufacturer’s recommendation for use as a
passivator in a dielectric fluid [152].
OH
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meta-Xylene
para-Xylene
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Figure 6-4. Chemical structures and names of the aromatic and corrosive sulfur additives used in the PD
experiments. Chalcocite (copper sulfide, Cu2S) is not shown.
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6.2.2 Partial Discharge Measurements
PD characteristics were measured using the test method described in Chapter 2. The needle-plane
electrode geometry consisted of a tungsten needle of 3 cm length, 1 mm diameter, and tip radius of 20 m
opposite a 5 cm diameter plane aluminum electrode with a Al2O3/epoxy barrier to preclude needle
damaging breakdowns, both of which were installed in a 400 ml test cell with a gap separation of 1 cm
from the needle tip to the barrier over the plane electrode. An AC voltage with a rise rate of 0.5 kV/s was
applied, and the voltage was held at 30 kVRMS for 1 minute. Measurements were separated by 2-3 minutes
to allow residual space charge to redistribute within the test cell. A total of 20 measurements was
conducted for each sample, of which 10 measurements focused on positive and 10 on negative streamers
as a result of the large difference in charge magnitudes between the two streamer types. All measurements
were recorded and saved using the LDS-6 software and subsequently exported to ASCII files for data
analysis.

6.3 Experimental Results
6.3.1 Ionization Potentials and Electron Affinities
DFT calculations were undertaken based on the method discussed in Chapter 5, which employed the
Fritz Haber Institute ab initio molecular simulations (FHI-aims) [138] code using the Perdew-BurkeErnzerhof (PBE) [139] exchange-correlation functional. Systems were relaxed until atomic coordinates of
the molecules (neutral, positively and negatively charged ions) converged to better than 10-6 eV and 10-2
eV/Å. The unrestricted open-shell method was employed for the calculations on the cations, anions, and
the neutral O2 molecule.
Table 6-1 shows the results of the DFT computation for IP and EA of the aromatic and corrosive
sulfur compounds employed in this study, along with experimental values from the literature. In Chapter
5, the DFT computational method was deemed to be accurate for IP and EA; however, Table 6-1 shows
that only IP is reasonably accurate for the molecules used in this study, for which the deviations from
experimental data are a few tenths of an eV. EA for the compounds of present interest had much larger
deviations from experimental data compared to the smaller molecules considered in Chapter 5 with
differences from the experimental value as large as 1 eV. Nevertheless, the experimental trends of EA
were reproduced well by the DFT calculations, as EA tends to decrease as the number and size of alkyl
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substituents on an aromatic ring increase, which can be seen when comparing the results for meta-xylene,
para-xylene, and meta-cresol to butylated hydroxytoluene (BHT).
Table 6-1. DFT computation results of IP and EA for the aromatic and corrosive sulfur compounds
compared to their experimental values.
Molecule
Hexadecane
Anthracene
Benzene
Butylated Hydroxytoluene
Dibenzyl Disulfide
Diphenyl Ether
meta-Cresol
meta-Xylene
para-Xylene
Phenyl Disulfide
Toluene
Benzotriazole

Ionization Potential (eV)
Calculated
Experimental [115]
8.30
7.44
9.19
9.24
7.24
7.80 [155]
7.37
7.64
8.09 [156]
8.04
8.29
8.32
8.56
8.32
8.44
7.37
8.30 [157]
8.65
8.83
8.81

Electron Affinity (eV)
Calculated
Experimental [153]
-2.71
0.69 [154]
-1.47
-0.74 [154]
-1.19
0.528
-0.512
-1.24
-1.36
-1.06
-1.40
-1.07
1.09
-1.40
-0.40
-0.115

6.3.2 Partial Discharge Inception Voltage
PDIV was determined according to IEC 61294 [6] as the lowest voltage at which PD occurs with an
apparent charge magnitude equal to or greater than 100 pC. Figure 6-5 lists the average values from 20
measurements conducted per sample along with 90% confidence intervals. Hexadecane was measured
numerous times as the control fluid, and as a result, its PDIV is listed as an average value from 100
measurements. Figure 6-5 shows that PDIV tends to decrease with the introduction of aromatics or
corrosive sulfur compounds relative to hexadecane. Based on overlapping of 90% confidence intervals on
the means, all samples following meta-xylene in Figure 6-5 are statistically inseparable, and therefore,
have a PDIV similar to hexadecane. The most significant change in PDIV relative to hexadecane is
observed for the copper sulfide suspensions.
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Figure 6-5. PDIV according to IEC 61294 for the aromatic and corrosive sulfur additives in hexadecane,
where the values are given as mean ± 90% confidence intervals based on Normal statistics. Data are
organized in increasing PDIV relative to hexadecane.

6.3.3 Streamer Repetition Rates
The number of streamers detected above a certain apparent charge magnitude was determined from
the ASCII files of PD activity. Figure 6-6 shows the average number of positive streamers per AC voltage
cycle with an apparent charge magnitude greater than 1000 pC with 90% confidence intervals for all the
samples analyzed in this study. All samples correspond to an average of 10 measurements, except for
hexadecane which is based on an average of 50 measurements. All additives used in this study increased
the number of positive streamers initiated relative to hexadecane.
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Figure 6-6. Average number of positive streamers per AC voltage cycle counted during a 1 minute interval at
30 kVRMS with apparent charge magnitudes greater than 1000 pC for the aromatic and sulfur-containing
compounds. Values are given as mean ± 90% confidence interval based on Normal statistics. All values are
statistically separable based on non-overlapping 90% confidence intervals relative to hexadecane. Data are
organized in increasing number of positive streamers relative to hexadecane.

Figure 6-7 shows the average number of negative streamers per AC voltage cycle with apparent
charge magnitudes greater than 20 pC with 90% confidence intervals for all the samples. In this figure,
the samples were divided into aromatic compounds and sulfur-containing compounds, as a statistically
significant decrease in the number of negative streamers was observed for the different batches of
degassed hexadecane used for each group of additives, even though hexadecane was heated and degassed
under the same conditions, and the same 20 m needle was employed. All samples correspond to an
average of 10 measurements, except for hexadecane which is given as an average of 20 and 30
measurements for the aromatic and corrosive sulfur compounds, respectively.
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Figure 6-7. Average number of negative streamers per AC voltage cycle counted during a 1 minute at 30
kVRMS with apparent charge magnitudes greater than 20 pC for aromatic (top) and corrosive sulfur (bottom)
compounds. Values are given as mean ± 90% confidence interval based on Normal statistics. Data are
organized in increasing number of negative streamers relative to hexadecane.
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6.3.4 Phase Resolved PD Patterns
All phase resolved PD (PRPD) patterns used the coloring scheme shown in Figure 2-10, which
displays the number of pulses per AC voltage cycle above a certain threshold. The differences in negative
streamers initiated for different batches of degassed hexadecane in Figure 6-7 can also be seen in Figures
6-8 and 6-9, which show the PRPD pattern of degassed hexadecane when measured as reference for
comparison with patterns for aromatic and corrosive sulfur compounds. No noticeable differences in rate
of positive streamers can be seen for the two batches of hexadecane; however, a decrease in negative
streamers is seen based on enhanced blue coloring which indicates a reduced rate of streamers according
to the coloring scheme in Figure 2-10. The PRPD patterns for positive streamers in dielectric fluids tend
to have similarities with corona in air, meaning the large magnitude discharge pulses tend to bunch in a
distinct region (~6,000-10,000 pC) at the apex of the positive AC halfwave. The negative streamers tend
to resemble PD from a small void in solid insulation with discharges clustered at the apex of the negative
AC halfwave. Table 6-2 displays the typical PRPD pattern of a selection of additives which had greatly
differing PRPD patterns when compared to hexadecane. As can be seen, all monocyclic aromatic
hydrocarbons (MAH) had a negligible effect on the discharge characteristics, except for meta-cresol and
BHT. The PRPD pattern for copper sulfide in Table 6-2 showed an uncharacteristic pattern for the
positive streamers, with a large number of positive discharges extending from the charge magnitude
baseline. All patterns correspond to the initial measurements so that the effect of space charge from
previous streamers could be minimized.

Figure 6-8. Typical phase resolved PD pattern of hexadecane for all the measurements conducted with
aromatic additives using a 20 m tungsten needle, 1 cm gap, and covered plane electrode showing the positive
streamers (left) and negative streamers (right).
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Figure 6-9. Typical phase resolved PD pattern of hexadecane for all the measurements conducted with
corrosive sulfur additives using a 20 m tungsten needle, 1 cm gap, and covered plane electrode showing the
positive streamers (left) and negative streamers (right).
Table 6-2. Phase resolved PD patterns generated during the 1 minute recordings at 30 kVRMS for the positive
and negative streamers from several aromatic and corrosive sulfur compounds in hexadecane. The selection
of compounds was based on vastly differing patterns compared to the PRPD pattern of pure hexadecane.
Sample Name

Positive streamer PRPD Pattern at 30 kV

0.01 mol/l
Anthracene

0.01 mol/l
meta-Cresol

100 ppm PDS
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Negative streamer PRPD Pattern at 30 kV

Sample Name

Positive streamer PRPD Pattern at 30 kV

Negative streamer PRPD Pattern at 30 kV

100 ppm DBDS

100 ppm
Irgamet 39

500 ppm
Irgamet 39

100 ppm Cu2S

6.4 Discussion
Initiation and propagation of positive and negative streamers in dielectric fluids have been shown to
differ substantially. Filamentary positive streamers initiate at a critical field during the positive AC
halfwave by electric field dependent molecular ionization [89-93]. Negative streamers initiate through
electron avalanches initiated by electron emission from the electrode. Such avalanches vaporize liquid to
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create microbubbles, which can expand through inelastic collisions of electrons with the liquid/streamer
interface caused by PD within the bubble [89, 102-104]. The presence of additives or chemical impurities
within the liquid can alter PD characteristics substantially as was shown in Chapters 4 and 5.

6.4.1 Polymerization at the Needle Tip
The noticeable difference in negative streamers initiated in Figure 6-7 between batches of hexadecane
might be caused by polymerization of the needle tip caused by repetitive Joule heating from positive and
negative streamers during the measurements. According to the manufacturer, the needles have a chemical
composition of 80% tungsten (W) and 20% copper (Cu) and nickel (Ni) [113]. This was confirmed
through analysis of the needle surface using energy-dispersive X-ray spectroscopy (EDXS) in a scanning
electron microscope (SEM). An accelerating voltage of 20 kV and a magnification of 8000x, revealed a
W:CuNi chemical composition ratio (weight percentage) of 4:1 (24.4%, 5.4%, and 0.5% for W, Cu, and
Ni, respectively) with trace amounts of germanium and oxygen due to a naturally occurring oxide layer.
The largest weight percentage element was determined to be carbon (67.4%). Figure 6-10 shows the
difference in the EDXS spectrum of the needle tip at two different points, one close to the needle apex
where the streamers initiate and one away from the tip. An inversion of the chemical surface composition
is clearly seen, in that more carbon is detected at the needle apex. This suggests that Joule heating forms a
polymerized layer on the needle. As the vacuum work function for tungsten (4.32-5.22 eV), copper (4.485.10 eV), and nickel (5.04-5.35 eV) [115] are similar, the polymer layer acts to raise the overall work
function of the needle. In other words, it has a blunting effect upon the needle tip, even though there was
no evidence of physical blunting. Observation of the needle tip before and after the experiments in an
SEM revealed that the needle tip retained its 20 m tip radius following a total of 500 measurements,
which was undoubtedly due to the use of the barrier near the plane electrode to preclude needle-damaging
breakdowns. The image within Figure 6-10 shows that most of the needle surface is tungsten (lightly gray
area) and a small amount of copper can be seen (darker gray area in the middle of the image). The two
points were specifically chosen on tungsten areas so that a better comparison of the differing amounts of
carbon could be conveyed.
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Figure 6-10. EDXS spectra of two different points on the needle shown in the SEM image along with the
chemical surface composition given in weight percentage. The accelerating voltage was 20 kV and the
magnification of the image was 5000x.

6.4.2 Aromatic Compounds
IP and EA are closely related to initiation and propagation of streamers [42, 59, 89-95]. When
comparing the IP and EA of various compounds in Table 6-1, the streamer repetition rates in Figures 6-6
and 6-7, the PRPD patterns of hexadecane in Figures 6-8 and 6-9, and the PRPD patterns of a selection of
additives in Table 6-2, a correlation can be distinguished between the molecular parameters and PD
characteristics. Aromatic additives with IP similar to or slightly larger than hexadecane (DFT calculated
IP of 8.30 eV) tend to cause discharge characteristics similar to the base fluid. Increasing the
concentration of ionizable species within the fluid with a dielectric constant r≈2, which can decrease the
liquid IP by 1-2 eV or ~15% relative to gas phase IP [10, 122, 142], tends to ease the initiation of positive
streamers as a result of reduced critical field for molecular ionization and ease the initiation of negative
streamers by reducing the mean-free path for electron avalanches to occur in the low density streamer
channels.
The structure of the aromatic additives also appears to influence PD characteristics of hexadecane.
MAH do not change the PD characteristics of hexadecane significantly. An increase in positive streamer
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initiation and a slight increase in negative streamer initiation relative to hexadecane is discerned on
account of the low IP for MAH. On the other hand, adding PAH causes dramatic changes to the PD
characteristics as is evident for anthracene in Figure 6-7 and its PRPD pattern in Table 6-2. The fusion of
many benzene rings creates a large conjugated system in which electrons can be trapped and delocalized
and thus increases the electron capture cross section and decreases the likelihood of the initiation of
negative streamers. This correlates well with anthracene’s positive EA, the effects of which are illustrated
in the PRPD pattern of Table 6-2, which is similar to a typical PRPD pattern of electron capturing
additives such as 1,1,1-trichloroethane in Chapter 4 and carboxylic acids in Chapter 5. PAH contain
lowest unoccupied molecular orbitals, low enough in energy to lead to stable negative radical anions, and
anthracene is the first unsubstituted PAH to have a positive EA value [158]. Figure 6-11 shows the ability
of PAH to trap and transfer electrons between molecules whenever planar overlap of p-orbitals can occur.
The PD data suggest that any dielectric fluid that contains a large content of aromatics, such as naphthenic
oil, hinders initiation of negative streamers, as many of the aromatics found in crude oil are PAH.
Furthermore, the large 90% confidence intervals seen in Figure 6-7 for the MAH is indicative that, upon
increased PD measurements, the number of negative streamers initiated begins to decrease due to
improved mixing of the fluid sample from electrohydrodynamic (EHD) motion and augmented planar
overlap of the aromatic rings.

Figure 6-11. Polycyclic aromatic hydrocarbons have the ability to trap electrons due to their large conjugated
systems and can transfer these excess electrons whenever there is planar overlap of π-orbitals [159].
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The results shown in Chapter 5 on the changes in PD characteristics caused by naturally occurring
fluid oxidation and paper degradation products in hexadecane indicate that electronegative oxygen within
the base fluid tends to govern the discharge characteristics rather than the IP and EA of the impurities.
The same is true of meta-cresol and BHT in this study. Although the calculated IP was lower than that of
hexadecane and calculated EA was negative, the number of negative streamers initiated decreased relative
to pure hexadecane. The hydroxyl group attached directly to the aromatic ring of meta-cresol and BHT
allows formation of intermolecular hydrogen bonding as is shown in Figure 6-12. This results in
increased trapping of electrons as the aromatic rings are close enough for planar overlap to occur between
-orbitals as is shown in Figure 6-11. The PD data in Figure 6-7 indicate that this effect is less apparent
with BHT due to steric hindrance of the large tertiary butyl side groups, which decreases the extent of
overlap of -orbitals from neighboring aromatic rings.

Figure 6-12. Intermolecular hydrogen bonding as observed in phenols.

6.4.3 Corrosive Sulfur Compounds
The correlation between positive EA and decrease in the rate of negative streamers initiation for PAH
is also seen for the corrosive sulfur compounds. As seen in Table 6-2, addition of PDS and DBDS to
hexadecane causes similar PRPD patterns to addition of anthracene or other electron capturing additives
such as those introduced in Chapters 4 and 5. The trapped electrons are delocalized within the -system
through overlap of the aromatic -orbitals and the p-orbitals of the sulfur atoms, as is shown in Figure 613 for PDS, giving PDS and DBDS aromatic character typical for PAH. The effect is less pronounced for
DBDS because of a decrease in overlap of the p-orbitals of the sulfur atoms and the -orbitals of the
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aromatic rings due to the added ethylene group between them which results in the decrease in the DFT
calculated positive EA value of DBDS relative to PDS. The low calculated IP values for corrosive sulfur
and PAH compounds decreases the critical field necessary for positive streamer initiation. Therefore, the
number of positive streamers initiated increases relative to hexadecane. The PD results show that even if
small amounts of corrosive sulfur remain in the oil following refining, they can alter the PD
characteristics as a result of extremely large electron capture cross sections.

S

S

Figure 6-13. Conjugation effects seen in phenyl disulfide (shown) and dibenzyl disulfide which adds aromatic
character and increases the electron capture cross section. The positive EA from DFT computations is due to
delocalization of an electron within the large conjugated system with overlapping p-orbitals.

Intuition would suggest that similar results as determined for corrosive sulfur compounds would
occur for diphenyl ether which, along with PDS and DBDS, has a structure that would allow
delocalization of an electron within a large conjugated system through overlap of the p-orbitals of the
oxygen atom with the -orbitals of the benzene rings. The results for diphenyl ether correlate well with
the DFT computed IP and EA values, regardless of the presence of oxygen which usually governs
discharge characteristics in dielectric fluids. In other words, an increase of positive and negative streamers
relative to hexadecane was measured due to a low IP and negative EA value of diphenyl ether. The better
correlation to DFT computed IP and EA most likely results from a lack of permanent dipole as a result of
the completely symmetrical nature of diphenyl ether, which means that no clusters form within the base
oil from attractive intermolecular forces which increases the electron capture cross section of many
electronegative oxygen atoms in close proximity.
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Among sulfur compounds, copper sulfide has the greatest potential to damage fluid filled power
apparatus and is thus the most important compound to detect for condition assessment. The results in
Figures 6-5 to 6-7 and Table 6-2 show that copper sulfide has the greatest effect on the PD characteristics
of hexadecane, including the lowest PDIV, highest number of positive and negative streamers initiated
per voltage cycle, and greatest change in PRPD pattern relative to hexadecane. Large changes in PD
characteristics were observed even with extremely low concentrations of copper sulfide (e.g., 100 ppm).
Very little copper sulfide was present in the oil during the measurements, as most settled at the bottom of
the test cell over time. This indicates that even a minute concentration of copper sulfide can be detected
using the PD measurement technique described above.
Hwang et al. [160] demonstrated that the charge relaxation time constant (r) of a nanoparticle has a
major influence on the EHD processes within the liquid and can be calculated according to Equation (61), where  is permittivity and  is conductivity.

tr =

2 e1 + e2
2s1 + s 2

6-1)

If we assume the conductivity of hexadecane to be similar to transformer oil (1 = 10-12 S/m [2]),
permittivity of hexadecane to be 1 = 2.10 [125], where 0 = 8.854x10-12 F/m, and the conductivity and
permittivity of copper sulfide at room temperature to be 2 = 7 S/m [161] and 2 ≈ 10e0 [162],
respectively, the relaxation time constant of chalcocite (copper sulfide) is 1.8x10-11 s. This extremely
short relaxation time constant means that surface charging from injected electrons is instantaneous in
relation to the s-ns timescales of positive streamer development. Figure 6-14 shows the charging
mechanism of a conducting nanoparticle in a uniform z-directed electric field. Initially the particle
becomes polarized and has a large electron charging window, which reduces in area over time as the fast
electrons are trapped on the surface until the conducting nanoparticle is fully charged and becomes a slow
negatively charged particle. Under impulse voltages this charging mechanism has the effect of decreasing
positive streamer velocity and increasing positive streamer breakdown voltage due to a hindered
development of a positive net space charge associated with electric field dependent molecular ionization
[160].
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Figure 6-14. Charging mechanism of a conductive nanoparticle in transformer oil under a uniform z-directed
electric field. (a) At t = 0+ the particle is polarized with equal positive and negative surface charge areas, such
that the electron charging window is at a maximum (grey area). (b) Over time electrons deposited on the
positive surface charge areas modify the electric field distribution and decrease the electron charging window
until the conducting nanoparticle is fully charged (c) [160].

The PD data indicate a differing effect of copper sulfide under an AC field when compared to impulse
voltage. Copper sulfide has a very small band gap of 1.21 eV [163] and the large differences in the PD
characteristics compared to that of pure hexadecane are the result of its semi-conductive properties which
allows the material to provide electrons to the fluid. Unlike electron scavenging compounds with large
electron capture cross sections that only have the ability to trap a single electron, a conductive
nanoparticle can hold many electrons. An increase in stored and weakly bound negative charge results in
greater field enhancements during the positive AC halfwave so that the background field necessary for
molecular ionization is reduced, and a larger number of steamers can be initiated. Also, many smaller
magnitude positive streamers may be quenched in close proximity to the needle tip, which would explain
why positive discharges extend from the baseline in the PRPD pattern for copper sulfide in Table 6-2. The
impact of positive streamers onto the surface of the nanoparticles may free bound electrons. Once the
voltage polarity reverses to the negative AC halfwave, the particle may move and create a field
enhancement due to the increase in positive charge facing the needle tip, also augmenting the initiation of
negative streamers. The surface charge under an AC field is constantly changing and will never saturate
as under an impulse field. Likewise the effect of EHD motion of hexadecane should help to redistribute
uncharged or semi-charged copper sulfide particles within the fluid so that charge saturation may never be
achieved.
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To improve understanding of the influence of copper sulfide particles subjected to a highly divergent
electric field, a few general assumptions can be made. Coelho et al. [116] developed approximate
equations for the field at a needle tip opposite a plane electrode in the absence of space charge by
modeling the tip as a hyperboloid. Based on this approximation, equations can be derived for the electric
field at the needle tip Etip, at the plane electrode Eplane, and E(X) along the axis of symmetry between them
as a function of tip radius r, gap distance a, and voltage V given in Equations (2-1), (2-2), and (2-3). The
charge acquired by a conducting prolate spheroidal particle standing on a ground plane in a semi-infinite
uniform field can be calculated from Equation (6-2) [164], where q is charge, h is the diameter of a
copper sulfide particle, b is the particle radius, and E is the electric field.
3
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SEM images of the copper sulfide powder revealed particle diameters that ranged from 1-50 m (Figure
6-15). Substituting Equations (2-1) and (2-2) into (6-2) at an applied voltage of 30 kV, the 1 m diameter
particle would acquire a surface charge of 15.8 fC at the needle tip and 0.0316 fC at the plane electrode.
The field at a distance 25 m away from the tip was calculated using Equation (2-3) for the 50 m
particle, as the particle is large relative to the needle tip radius and would essentially be an extension of
the needle. Substituting the value obtained from Equation (2-3) along with Equation (2-2) into (6-2) gives
a particle surface charge of 11.3 pC near the tip and 79.03 fC at the plane electrode.
Hydrodynamic drag is given by Equation (6-3), where r is the mass density of hexadecane (770 kg/m3
[130]), v is velocity, CD is the drag coefficient for a sphere in hexadecane (according to a Reynolds
number of ~1000 [165], CD would be ~0.5 [166]), and A is the particle cross sectional area.

1
FD = rv 2CD A
2

(6-3)

By balancing the Coulomb force (qE), using the charges calculated above and Equation (2-3) as a
function of axial distance from the needle tip, and the viscous drag force given in Equation (6-3), the
terminal velocity of the particles can be determined as a function of the distance from the needle tip,
shown in Figure 6-16 for the 1 and 50 m diameter copper sulfide particles. The velocities are very large
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compared to the EHD motion of hexadecane and are below the speed of sound in hexadecane (1274 m/s
[167]). According to the above assumptions if the charge on the particle is acquired away from the needle
tip, the charge to particle cross sectional area becomes constant and all particles can be considered to have
the same velocities. Not much rigor was given to the assumptions; however they provide some insight to
what seems to occur during the testing conditions of the PD measurements. The particles are capable of
acquiring large amounts of charge and are very fast near the needle tip so that many discharges are
initiated in close proximity to the needle tip.

Figure 6-15. SEM image of copper sulfide particles at an accelerating voltage of 20 kV and 170x
magnification. Higher magnification images were used to determine diameters of the smaller particles.
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Figure 6-16. Drift velocity of copper sulfide particles along the needle-plane axis. The 1 m particle was given
a calculated acquired charge from the electric field at the needle tip and the 50 m particle was given a
calculated acquired charge from the electric field 25 m away from the needle tip (left y-axis). The blue line
indicates a particle that was given a calculated acquired charge from the electric field at the plane electrode
(right y-axis). When charge was calculated as acquired from the ground plane, all particles had the same drift
velocity regardless of diameter.

6.4.4 Metal Passivators
The use of Irgamet 39 as a metal passivation agent within the dielectric fluid does not affect the
discharge characteristics noticeably when used in low concentrations (i.e. 100 ppm) because the BTA
group breaks off the molecule and attaches to any metal within the test cell as shown in Figure 6-3.
According to the PD results, the residual compound does not alter the discharge characteristics
significantly. The increase in number of positive and negative streamers initiated relative to hexadecane
indicates a low IP and negative EA compound. The number of positive streamers initiated could also be
influenced by the presence of electronegative nitrogen atoms, which should produce slight field
enhancements as was discovered with oxidation and paper degradation compounds containing
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electronegative oxygen in close proximity to one another in Chapter 5. At higher concentrations of
Irgamet 39 (i.e. 500 ppm), the discharge characteristics changed significantly relative to hexadecane, as a
large concentration of unbound Irgamet 39 remains in solution in the hexadecane. The structure of
Irgamet 39 in Figure 6-4 indicates a large electron capture cross section due to the conjugated system of
the BTA group even though a slightly negative EA was calculated in Table 6-1. The large electron
capture cross section resulted in a substantial decrease in negative streamers as electrons could be trapped
to form anion radicals, and this, in turn, augmented the initiation of positive streamers due to the
subsequent field enhancement. The results suggest that if the passivator is used according to the
manufacturer’s guidelines, the PD characteristics of the fluid should not be affected considering the large
amount of metal present within a transformer.

6.5 Conclusion
Variations in PD characteristics as a function of known concentrations of aromatic and corrosive
sulfur compounds were detected successfully using a conventional PD detector. A direct correlation of the
PD characteristics with DFT computed IP and EA values was determined for additives within
hexadecane. A low IP, as was calculated for all additives, lowered the critical field for positive streamer
initiation from electric field dependent molecular ionization. A negative EA decreased the mean-free path
for electron avalanches to occur within the low density streamer channel during the negative AC
halfwave. A positive EA, as was calculated for PAH and corrosive sulfur compounds, hindered the
initiation of negative streamers relative to hexadecane due to a large electron capture cross section from
conjugation effects which result in trapping of electrons within a delocalized system to form stable
negative radical anions. The formation of radical anions also increased the number of positive streamers
initiated due to field enhancements. Deviations from these results were only noticeable for aromatic
compounds that contained a hydroxyl group directly attached to the benzene ring, which had negative
calculated EA and, counter intuitively, decreased the number of negative streamers initiated relative to
hexadecane. This was caused by intermolecular hydrogen bonding which increased the probability of
overlapping -orbitals from neighboring aromatic rings forming temporary large conjugated systems as
seen with PAH. Copper sulfide particles within the oil caused the largest changes in PD characteristics as
a result of their semi-conductive nature. The large amounts of induced surface charge and high drift
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velocities augment initiation of discharges in the dielectric fluid. Metal passivators tend not to change the
PD characteristics of dielectric fluids unless all metal sites are occupied and unbound, soluble forms of
BTA, which has large electron capture cross section, are present within the fluid.

119

CHAPTER 7
Partial Discharge Based Diagnostics
for Impurities in Insulating Fluid
7.1 Introduction
The previous chapters looked at the development of an experimental approach to analyzing the effect
of chemical impurities on partial discharge (PD) characteristics as a basis for condition assessment of
dielectric fluids. The technique is based on a needle-plane electrode geometry with a covered low-field
plane electrode to preclude needle damaging breakdowns and facilitates acquisition of partial discharge
inception voltage (PDIV), discharge rate, and phase resolved PD (PRPD) patterns under well-defined
conditions. Chapter 4 had the objective to correlate changes in PD characteristics with the concentration
and electrochemical properties of a low ionization potential (IP) compound, N,N-dimethlyaniline (DMA),
and a high IP compound with a large electron capture cross section, 1,1,1-trichloroethane (TCE). Chapter
5 looked at the effects on PD characteristics of naturally occurring degradation products associated with
oxidation of the dielectric fluid and overheated cellulose. The PD characteristics of aromatic compounds
and corrosive sulfur compounds commonly found in mineral oil used for electrical insulating applications
was presented in Chapter 6. Density functional theory (DFT) calculations on IP and electron affinity (EA)
of various additives were conducted and correlated to their PD characteristics. All studies were conducted
with the paraffinic hydrocarbon, hexadecane, as it provides a relatively pure base fluid with a molecular
weight distribution very similar to that of common dielectric fluids used in transformers.
Monitoring and maintenance of insulation is of utmost importance to the electric power industry, as
ageing and gradual deterioration of the insulation can lead to costly operational disruptions, physical and
environmental damage, and in extreme cases even lead to bodily injury or death. Many of the standards
used to assess the integrity of dielectric fluids, such as determining the breakdown voltage at power
frequency [3-5] and PDIV [6, 7], provide only a single-parameter metric of insulting fluid quality,
whereas PD is multidimensional and sensitive to many aspects of fluid chemistry. This chapter discusses
PD parameters in the context of a diagnostic for dielectric fluid integrity.
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7.2 Experimental
7.2.1 Test Cell Geometry and Method
All measurements in this chapter were conducted with a needle-plane electrode geometry installed in
a 400 ml test cell as described in Chapter 2. A tungsten needle of 3 cm length, 1 mm diameter, and 20 m
tip radius was employed. The 5 cm diameter plane electrode consisted of an insulated aluminum electrode
with a fluid-filled gap separation of 1 cm from the needle tip to the barrier of the plane electrode. A
detailed schematic of the test cell is given in Figure 2-8. The PD characteristics were measured the BAUR
DTA 100C Breakdown Tester modified to incorporate a conventional PD coupling circuit in accordance
to IEC 60270 [32] and the PD was detected and recorded using a digital PD measuring system (Doble
Lemke LDS-6).
The test method employed a 60 Hz AC voltage with a rise rate of 0.5 kV/s to 30 kVRMS which was
held for 1 minute. Measurements were separated by 2-3 minutes to allow residual space charge to
redistribute within the test cell. All measured data were recorded, saved, and subsequently exported to
ASCII files for analysis. According to finite element analysis, the application of 30 kVRMS produces a
Laplacian electric field magnitude of 423 MV/m at the needle tip as was shown in Chapter 2.

7.2.2 Accelerated Thermal and Electrical Ageing of Hexadecane
A total of six hexadecane samples containing Kraft paper (KP) and pressboard (PB) was aged
thermally. Two samples were aged for 1 month, and 4 samples were aged for 2 months in a temperaturecontrolled oven at 130°C. Half of the samples were exposed to atmospheric air to simulate accelerated
thermal ageing in a free-breathing transformer, and the other half were back-filled with dry nitrogen to
simulate aging in a sealed transformer. The hexadecane and paper mixtures were placed in 500 ml round
glass beakers sealed with glass tops which contained penetrations for gas valves. The valves were closed
for the nitrogen blanketed samples but were left open for the samples exposed to air. Figure 7-1 shows a
photograph of the samples within the oven. The KP samples had an oil:paper ratio of 20:1 by weight, and
the PB samples had a ratio of 10:1, as compared to the 4:1 ratio commonly found in transformers [23].
Prior to ageing, the KP was shredded using an office paper shredder, and the pressboard was cut into
smaller pieces to increase its surface area. The water content of the paper prior to drying was about 6%
based on an Arizona Instruments Computrac VaporPro®, an alternative to Karl Fisher titration. After the
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KP and PB were dried in a vacuum oven at 110°C for 2 days, the water content of the paper was less than
0.1%.

Figure 7-1. Photograph of prepared hexadecane/paper samples placed in a temperature-controlled oven. The
glass tops are sealed to the beakers with rubber gaskets and spring loaded clamps.

Specialized beakers were fabricated so that a discharge circuit could simulate PD or arcing-induced
degradation in a transformer. The plane electrode within the beaker was made of stainless steel and
placed within the beaker on stilts, so that a magnetic stirrer could be operated below the electrode to
distribute the degradation products evenly. A micrometer allowed the gap distance between the needle
and plane electrode to be changed. A Kovar glass to metal seal was employed to ground the plane
electrode. Figures 7-2 and 7-3 show a photograph of a beaker used for discharge and a schematic of the
discharge circuit employed in the electrical ageing experiments, respectively. A digital counter was used
to quantify the number of discharges and, therefore, determine the total energy input into the system using
the equation W = CU2/2, where C is the capacitance and U is the applied voltage. One sample was aged
electrically for 4 days (W = 9726 J) and another for 2 days with a sheet of PB over the plane electrode (W
= 4427 J).
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Figure 7-2. Specially manufactured beaker for electrically ageing of hexadecane.

Figure 7-3. Schematic of the simple discharge circuit employed in the electrical ageing experiments with a
charging time constant after discharge (τ) of 1.31 ms.
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7.2.3 Paraffinic and Naphthenic Base Fluids
Commercially available Ultra-S2, a paraffinic base oil, and CrossTrans 206, a naphthenic base oil,
were analyzed separately to determine differences in PD characteristics between the differing alkane
structures present in mineral oil. Additives that typically impair the integrity of insulating fluids were
introduced into both base oils, and the concentrations of these additives mimicked typical values found in
field-aged transformer oil. According to chemical analysis of field-aged transformers conducted by
Northeast Utilities, oil sampled from in-service transformers typically has a total acid number (TAN)
value between 0.015-0.045 mg KOH/g. Decanoic acid was used to simulate the acid found in aged oil and
the assumption was made that 1 mol of KOH neutralizes 1 mol of acid. However, many acids are present
in highly oxidized oil and not all will necessarily be neutralized, as carboxylic acids are weak acids.
Nevertheless, using the proposed assumption, a TAN of 0.015 and 0.045 mg KOH/g correspond to
decanoic acid concentrations of 41 and 122 ppm, respectively. The most common paper degradation
product is 2-furfuraldehyde (2FAL), found in concentrations as large as 10 ppm [25].The deposition rate
of copper sulfide is directly proportional to the concentration of dibenzyl disulfide (DBDS) within the
fluid, which can be 100-1000 ppm [28], and therefore, PD analysis was conducted on solutions of 100
ppm copper sulfide. Solutions were made by mixing the chemicals into the base oils without pretreatment
with a magnetic stirrer within the test cell. Ultra-S2 and CrossTrans 206 had moisture contents of 31 and
28 ppm, respectively, as determined with a Doble Moisture-in-Oil sensor.

7.3 Experimental Results
As IEC 61294 [6] was designed specifically for testing of insulating liquids, all PDIV tests were
carried out according to the definitions set forth in that standard. All discharge repetition rates were taken
from the ASCII files produced following the 1 minute measurement periods at 30 kVRMS and are
displayed as the average number per AC voltage cycle. The PRPD patterns shown in this chapter use the
coloring scheme shown in Figure 2-10, which displays the number of pulses per voltage cycle detected
above a certain threshold, and correspond to the first measurements for each sample so that the effect of
residual space charge from previous measurements is negligible.
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7.3.1 Thermally and Electrically Aged Samples of Hexadecane
The aged samples were characterized chemically using gas chromatography-mass spectrometry
(GCMS; Hewlett-Packard HP 6890 Series GC System and Mass Selective Detector; Column: Restek
Rxi®-1ms, 30 m length, 0.25 mm ID, 1 μm phase, helium carrier gas). The temperature range for GCMS
analysis was from 35-325°C with a heating rate of 15°C/min. The samples were held in the injection port
at 200°C for two minutes to extrude low molecular weight (LMW) degradation products. Figures 7-4 to
7-9 show the GCMS chromatograms for the samples which produced a significant amount of degradation
products. Regardless of the ageing method, LMW degradation compounds are produced following free
radical production through chain scission with subsequent radical recombination due to external heat or
heat and UV radiation from electrical discharges. Figure 7-4 shows that initial heating and degassing of
hexadecane at 60°C eliminated many of the LMW fractions that are present in very small quantities in the
as-received fluid and which appear at retention times between 4 and 13 minutes. Heating also resulted in a
moisture content of 1-3 ppm as determined with a Doble Moisture-in-Oil sensor. Elimination of the LMW
species eased characterization of ageing induced degradation products in the same region of the
chromatogram. During accelerated electrical ageing, most of the degradation products were LMW linear
alkanes (Figure 7-5). Copious production of sludge or x-waxes was also observed and these are produced
during recombination of large radicals to form larger molecular weight compounds (Figure 7-6). Not
surprisingly, the samples subjected to air experienced the greatest increase in degradation products in the
form of auto-oxidation reactions. The 1 month thermally aged samples contained greater numbers of
alcohols and aldehydes (Figure 7-7), which oxidized to higher concentrations of carboxylic acids as the
length of ageing increased to 2 months (Figures 7-8 and 7-9). The samples aged with paper contained
greater concentrations of degradation products than those aged with paperboard, probably as a result of
the increased surface area of the paper relative to PB. Samples aged under nitrogen did not experience
oxidative degradation. The samples under an air and nitrogen atmosphere both contained paper
degradation products, mainly in the form of 2-furfuraldehyde and varieties of furanone compounds,
produced from thermal degradation of cellulose.
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Figure 7-4. GCMS chromatogram of heated and degassed hexadecane used for all experiments in this thesis.
The effect of heating and degassing can be seen in the absence of LMW fraction peaks between 4 and 13
minutes.

Figure 7-5. GCMS chromatogram of hexadecane subjected to electrical ageing for 4 days. The chromatogram
only shows the LMW degradation products.
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Figure 7-6. GCMS chromatogram of the sludge produced from electrical ageing of hexadecane.

Figure 7-7. GCMS chromatogram of hexadecane thermally aged with pressboard under an air atmosphere at
130°C for 1 month. The chromatogram only shows the LMW degradation products. Not seen are
hexadecanone and hexadecanol which have a retention time of roughly 16 minutes.
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Figure 7-8. GCMS chromatogram of hexadecane thermally aged with pressboard under an air atmosphere at
130°C for 2 months. The chromatogram only shows the LMW degradation products. Not seen are
hexadecanone and hexadecanol which have a retention time of roughly 16 minutes.

Figure 7-9. GCMS chromatogram of hexadecane thermally aged with kraft paper under an air atmosphere at
130°C for 2 months. The chromatogram only shows the LMW degradation products. Not seen are
hexadecanone and hexadecanol in greater concentrations compared to the sample aged for 1 month.
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Table 7-1 shows the PDIV for the aged hexadecane samples, based on an average of 20
measurements per sample with 90% confidence intervals based on a Normal distribution. As can be seen
in Table 7-1, PDIV tends to decrease with increased thermal aging under air. The samples thermally aged
under nitrogen tend to be similar to hexadecane, as the degradation product concentrations were very low.
Based on overlapping of 90% confidence intervals on the means, only two of the samples, highlighted in
gray in Table 7-1, are statistically separable relative to degassed hexadecane. The increased surface area
of KP had a greater influence on PDIV compared to PB due to increased production of oxidative and
paper degradation products. Huge 90% confidence intervals were observed for the 4 day electrically aged
sample.
Table 7-1. PDIV according to IEC 61294 for the thermally and electrically aged samples of hexadecane.
Values are given as mean ± 90% confidence intervals. Gray highlighted cells indicate statistically separable
results based upon non-overlapping 90% confidence intervals compared to hexadecane. Data are arranged in
increasing PDIV relative to hexadecane.

Sample Name
Hexadecane
KP under air at 130°C for 2 months
PB under air at 130°C for 2 months
PB under air at 130°C for 1 month
KP under nitrogen at 130°C for 2
PB under nitrogen at 130°C for 2
PB under nitrogen at 130°C for 1
4 days electrically aged

PDIV (kV)
20.6 ± 0.52
17.9 ± 0.59
19.7 ± 0.51
20.0 ± 0.58
20.2 ± 0.50
20.9 ± 0.28
21.0 ± 0.41
27.6 ± 1.7

Figure 7-10 shows the average number of detected positive and negative streamers per AC voltage
cycle for the thermally aged hexadecane samples. Due to the large discrepancy in apparent charge
magnitudes of the two streamer types, the threshold level was taken as 1000 pC for the positive streamers,
which corresponded to breakdown to the covered electrode, and 20 pC for the negative streamers. All
samples correspond to an average of 10 measurements and include 90% confidence intervals based on
Normal statistics.
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Figure 7-10. Average number of streamers per voltage cycle counted in 1 minute recordings at 30 kVRMS for
the thermally and electrically aged samples of hexadecane with apparent charge magnitudes greater than
1000 pC for the positive streamers (top) and greater than 20 pC for the negative streamers (bottom). Values
are given as mean ± 90% confidence interval based on Normal statistics. Data are organized in increasing
number of streamers relative to hexadecane.
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7.3.2 Paraffinic and Naphthenic Base Fluids
Figure 7-11 shows PDIV data based on 20 measurements per sample with 90% confidence intervals
for the paraffinic and naphthenic base oils with typical field-aged concentrations of naturally occurring
degradation products. The data demonstrate no clear trends in terms of PDIV of the various samples, and
only the PDIV of the 100 ppm copper sulfide sample is statistically separable relative to the respective
base oil based on non-overlapping 90% confidence intervals. Figure 7-12 shows the average number of
positive streamers greater than 1000 pC and negative streamers greater than 20 pC initiated per voltage
cycle for Ultra-S2 and CrossTrans 206, as well as the varioius solutions used to simulate naturally
occurring degradation products in field-aged dielectric fluids. All the data in Figure 7-12 correspond to an
average of 10 measurements and include 90% confidence intervals based on Normal statistics.

Figure 7-11. PDIV according to IEC 61294 for Ultra-S2 and CrossTrans 206 base fluids with naturally
occurring degradation products commonly found in field-aged dielectric fluids. The values are given as mean
± 90% confidence intervals from 20 measurements. Based upon non-overlapping 90% confidence intervals
compared to the pure base oils, only the 100 ppm copper sulfide sample can be considered statistically
separable.
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Figure 7-12. Average number of streamers per AC voltage cycle counted in 1 minute at 30 kVrms for positive
(top) and negative streamers (bottom) for Ultra-S2 and CrossTrans 206 and solutions of naturally occurring
degradation products. Values are given as mean ± 90% confidence interval based on Normal statistics. All
values for the negative streamers from the solutions with additives are statistically separable based on nonoverlapping 90% confidence intervals relative to their respective base oils.
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7.4 Discussion
A great deal of computational modeling has been conducted on the initiation mechanism of positive
streamers, which indicates that electric field dependent molecular ionization is dominant [90, 91]. When
the field at the needle tip reaches a critical value, the liquid is ionized into low-mobility cations and fast
electrons which migrate towards the anode, resulting in Joule heating and a net positive electric field at
the tip. The streamer is self-sustaining and propagates forward as a moving dissipative source. Various
propagation modes, called 1st-4th mode, have been observed under lightning impulse, with differing
velocity in the range of 0.1, 1, 10, and 100 km/s for the 1st, 2nd, 3rd, and 4th modes, respectively [42, 7275]. For the PD tests conducted in this thesis only 2nd propagation modes are relevant as the 20 m needle
tip radius is above the critical tip radius (generally >6 m) after which no 1st modes streamers are initiated
[64]. However, the velocities are still large enough for breakdown and subsequent needle damage to occur
if no barrier is placed on the plane electrode. The positive streamers are detected as a single pulse by a
wideband PD detector utilized in this study, and they generally occur at a rate of less than one pulse per
voltage cycle. The fast migration of electrons towards the anode facilitates electron avalanches within the
low density region of the positive streamer, which have pulse repetition rates greater than that of positive
streamers. These low magnitude Townsend discharges can only be observed when the focus of the PRPD
pattern is placed on the negative streamers, as the positive streamer charge magnitudes are too large
(~10,000 pC) to observe the Townsend discharges simultaneously.
The negative streamers are initiated by a Fowler-Nordheim electron injection from the cathode [4549, 102-104] which vaporizes the liquid to create microbubbles which can expand through inelastic
collisions of electrons with the liquid/streamer interface caused by PD within the bubble [45-49]. Pompili
et al. [84-86] showed that negative streamers comprise of several high frequency pulses with ascending
magnitude as the bubble within the fluid expands in volume. However, these pulses become integrated to
a single PD event by the integration time of the PD detector (~10 s [145]). Nevertheless, the negative
streamer repetition rates are much higher than those for positive streamers with values above 10 pulses
per voltage cycle for paraffinic dielectric fluids.
Chapters 4-6 have shown that the presence of high electron capture cross section molecules, such as
oxidative and paper degradation products, polyaromatic hydrocarbons (PAH), and corrosive sulfur
compounds, alters significantly the negative discharge characteristics. Carboxylic acids can hydrogen
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bond and thus increase the number of electronegative oxygen atoms in close proximity, effectively
increasing the ability to trap electrons. Likewise, furanic compounds can trap electrons due to conjugation
effects, as confirmed by DFT compuations which indicate a positive EA. The effect of PAH, and possibly
also corrosive sulfur, is seen in Figure 7-13 with a substantial decrease in positive and negative streamers
for CrossTrans 206. Naphthenic oil contains PAH and smaller amounts of sulfur containing molecules
following refining giving them a characteristic pale yellowish color [168]. PAH have the ability to
provide large conjugation structures through overlap of -orbitals producing stable negative radical
anions. Overlap of p-orbitals from sulfur atoms close to the -orbitals of benzene rings, such as in DBDS,
give the molecule aromatic character and cause a large electron capture cross section. Figure 7-13 shows
the differences in PRPD patterns for a paraffinic and naphthenic base oil and a “mixed” oil sample, which
comprises of a 1:1 mixture of Ultra-S2 and CrossTrans 206. The effect of a large electron capture cross
section takes precedence, as a 1:1 mixture of paraffinic and naphthenic oil showed the same PD
characteristics as a purely naphthenic oil. Similar results were seen for hexadecane that contained a very
small concentration of DBDS (i.e. 100 ppm) in Chapter 6 and shows that trace concentrations of high
electron capture cross section molecules alter significantly the PD characteristics of dielectric fluids.
IP and EA are closely related to initiation and propagation of streamers [42, 59, 89-95]. Molecules
with low IP and negative EA generally ease the initiation of a positive streamer by decreasing the critical
field necessary for molecular ionization and decreasing the mean-free path for electron avalanches to
occur in the low density streamer channel for the negative streamers. Low IP and positive EA, as
previously calculated by DFT for PAH, corrosive sulfur, and 2-furfuraldehyde, decreases the number of
streamers as a result of large electron capture cross sections. Compounds that contain permanent dipole
groups, such as TCE, or compounds that have the ability to hydrogen bond, such as acids and phenols,
will decrease the number of streamers initiated even though their EA is negative. Smalo et al. [94]
discovered through DFT calculations that the direction of applied electric field has a minor impact on IP
of most molecules. For tridecane, a paraffinic hydrocarbon, the IP is reduced more when the electric field
is parallel to the chain rather than perpendicular to the chain. This helps to explain why hexadecane and
Ultra-S2 differ so greatly from naphthenic oils in discharge repetition rates (Figures 7-10 and 7-12) and
the PRPD patterns in Figure 7-13 and in Chapters 4-6.
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Figure 7-13. Typical phase resolved PD patterns showing positive and negative PD patterns detected for
Ultra-S2 (A and B), CrossTrans 206 (C and D), and a 1:1 mixture of Ultra-S2 and CrossTrans 206 (E and F).

7.4.1 Relevant PD Parameters
The use of a covering on the plane electrode has many practical advantages for the condition
assessment of dielectric fluids based on PD testing. The main advantage of applying a barrier to the plane
electrode is protection from needle-damaging breakdowns, which require replacement of the damaged
needle, as a breakdown undoubtedly increases the tip radius. Figure 7-14 shows three scanning electron
microscope (SEM) images of the same 20 m tungsten needle used for a total of 1400 PD measurements
based on the above test method. The images show that the surface morphology of the needle tip remains
relatively unchanged, and the 20 m tip radius is preserved over time. This assures the user that the
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needle tip radius is preserved during large numbers of PD measurments, assuming proper care of the
needle prior to the measurements.

Figure 7-14. SEM images of the 20 m tungsten needle at an accelerating voltage of 20 kV following 360
measurements (A, 1600x magnification), 660 measurements (B, 1300x magnification), and 1400
measurements (C, 2200x magnification).

Acquisition of PRPD patterns for dielectric fluids requires a covered low-field electrode, and PRPD
patterns provide a “fingerprint” of the dielectric fluid which is sensitive to impurities within the fluid.
Figure 7-15 shows examples of PRPD patterns that provide a unique “fingerprint” which corresponds to
the introduction of furane compounds as a result of thermal aging of dielectric fluid with PB for 1 month
at 130°C under nitrogen and the production of acids in a sample of hexadecane aged under air. The
oxidized sample can be characterized by one PRPD pattern since the negative streamers have charge
magnitudes comparable to those of the positive streamers. The PRPD pattern for the PB sample aged
thermally under nitrogen for 1 month at 130°C focuses on the negative streamers, as the incidence of
136

positive streamers did not differ in a statisticaly significant way from virgin hexadecane (Figure 7-10).
Unfortunately, high electron capture cross section impurities, such as acids, PAH, and corrosive sulfur
compounds, tend to exhibit the same negative streamer PRPD pattern as was shown in Chapters 4-6.
However, extremely large acid concentrations produce PRPD patterns in which negative streamers tend to
propagate more rapidly, become more filamentary, and toward charge magnitudes comparable with those
of positive streamers as the concentration of a highly electronegative compound increases (Figure 7-15).
At high electric fields, traps lead to conduction by trap assisted tunneling or hopping conduction [97, 98].
As more electrons are attached and fewer are available to diffuse, an increasing negative space charge
decreases the local electric field at the needle tip, and the fluid is put under “tension”, increasing the
negative charge density. With increasing negative voltage, a field is reached at which electrons can be
detached from the negative ions by impact ionization, as an anion has a low ionization potential. This
results in large, fast negative streamers as a result of the stored negative charge. When comparing the
PRPD pattern of hexadecane thermally aged in Figure 7-15 and the results seen in Chapter 5, the
thermally aged samples had acid and 2-furfuraldehyde concentrations well above 0.1 mol/l, which is
unphysical for field-aged dielectric fluids.
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Figure 7-15. Phase resolved PD patterns generated during the 1 minute recordings at 30 kVRMS using a 20 m
tungsten needle, 1 cm gap, and covered plane electrode for positive and negative streamers of virgin
hexadecane (A and B), pressboard thermally aged under a nitrogen atmosphere (C), and hexadecane
thermally aged under an air atmosphere (D). Thermal ageing under nitrogen formed furanic compounds
which alter the negative streamer pattern. Thermal ageing of hexadecane under air produces many acids as a
result of auto-oxidation.

The presence of copper sulfide was shown in Chapter 6 to alter significantly the PD characteristics of
oil and provide a unique PRPD pattern. Figure 7-16 displays PRPD patterns for Ultra-S2 and CrossTrans
206 base oils with 100 ppm copper sulfide suspended within the fluid. When comparing these PRPD
patterns with those of Figure 7-13 for the pure base oils, large differences can be discerned. The number
of positive and negative streamers initiated per AC voltage cycle increases greatly. According to
calculations conducted in Chapter 6, copper sulfide can acquire large amounts of charge which can result
in high drift velocities dependent upon location with respect to the needle tip. The combination of these
factors and the semi-conductive nature of copper sulfide can initiate many positive and negative streamers
in close proximity to the needle tip.
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Figure 7-16. Positive and negative phase resolved PD patterns generated during the 1 minute recordings at 30
kVRMS for Ultra-S2 (A and B) and CrossTrans 206 (C and D) with 100 ppm of copper sulfide suspended
within the base fluids.

Observation of the PRPD patterns can provide rapid assessment of a dielectric fluid. If a paraffinic
base oil is tested and no changes to the PRPD pattern are seen, the oil can be considered adequate. This
assumption can be made because acids and suspended copper sulfide drastically change the PD
characteristics of such fluids even in very low concentrations. The PRPD patterns of Figure 7-17 indicate
that significant changes in PRPD pattern with repeated measurement of the same sample, can be
indicative of suspended sludge, which acts as a barrier to streamer formation once homogenization of
sludge particles is achieved through electrohydrodynamic (EHD) motion in the oil during the
measurements. The initial PD measurement provided a typical phase resolved pattern as seen for
hexadecane, with increased numbers of smaller magnitude positive streamers. After 5 and 10
measurements, the total number of discharges decreased dramatically, as homogenization of sludge
particles within hexadecane increased due to EHD motion. After 10 measurements the streamer charge
decayed exponentially to much lower magnitudes for the positive streamers and almost no negative
streamers were initiated. Once mixed into the oil, the sludge acts as drifting space charge. Studies
conducted on AC breakdown behavior of oil with carbon particle contamination have shown that carbon
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particles act as positive space charge in oil [169]. The homogenization of sludge in the oil effectively
reduces the gap distance between the electrodes which reduces the charge magnitudes of streamers. At the
needle anode, initiation of a positive streamer becomes difficult, as the electric field dependent molecular
ionization is hampered by the presence of the sludge, and an increase in positive space charge throughout
the oil reduces the field at the needle tip. Once the voltage polarity reverses, a great amount of positive
space charge would remain extremely close to the needle tip and immediately quench the subsequent
negative streamers, thus, only very small magnitude discharges could be detected.

Figure 7-17. Phase resolved PD patterns for the initial PD measurement (A), after 5 PD measurements (B),
and after 10 PD measurements (C) for the electrically aged hexadecane sample.

PRPD patterns of naphthenic mineral oils tend to be less illustrative, as the PAH within these fluids
causes similar patterns to high electron capture cross section impurities. Nevertheless, the application of
the barrier on the low-field electrode allows many sequential measurements to be conducted and analysis
of these measurements in terms of the discharge rates for positive and negative streamers, even at low
impurity concentrations, as seen in Figure 7-12. Statistically more significant results are achieved and a
better indication of the fluid dielectric condition can be discerned using the proposed PD test method
compared to the industry standard dielectric breakdown at power frequency. Figure 7-18 shows
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breakdown data according to ASTM D1816 [5] using VDE electrodes for the same samples tested in
Figure 7-12. Based on overlapping of the 90% confidence intervals, the variation in dielectric breakdown
strength is rarely statistically significant relative to the base oils, whereas all negative streamer repetition
rates differ significantly from those of the base fluids (Figure 7-12). The same statistical insignificance is
seen in PDIV values for the samples tested, shown in Figure 7-11. This suggests that test methods that
rely on a single parameter metric do not provide statistically adequate results for condition assessment of
dielectric fluids.

Figure 7-18. Average breakdown voltage according to ASTM D1816 for Ultra-S2 (top) and CrossTrans 206
(bottom) and solutions of naturally occurring degradation products. Values are given as mean ± 90%
confidence interval based on Normal statistics. A gap separation of 2 mm for Ultra-S2 and 1 mm for
CrossTrans 206 due to its greater breakdown strength was chosen.
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7.4.2 Importance of Relative Measurements
The need for measurements relative to the base fluid is a major drawback of the proposed PD test
method. As an example, the PD characteristics of four transformer oils that have been under storage for
over 30 years were examined and correlated to their TAN, which were acquired using ASTM D664 [8].
The results in Table 7-2 show that without a relative measurement to a pure base oil, an accurate
condition assessment of the fluid is impossible. The practical implication of this is that a sample of pure,
unaged oil must always be measured to compare to the results of field-aged oil.
Table 7-2. Data for transformer oils that have been under storage for over 30 years. Exxon Univolt N61 and
Shell Diala AX are inhibited with butylated hydroxytoluene. Moisture content was measured with a Doble
Moisture-in-Oil sensor and TAN was measured according to ASTM D664. The number of streamers are
given as an average of 10 measurements based on Normal statistics and include 90% confidence intervals.

Oil Name

Moisture
(ppm)

TAN
(mg KOH/g)

Average Positive Streamer
per Cycle (> 1000 pC)

Average Negative Streamers
per Cycle (> 20 pC)

Exxon
Univolt N61

19

0.018

0.00344 ± 0.00063

0.0101 ± 0.0017

Exxon
Univolt 60

39

0.018

0.00603 ± 0.0011

0.00928 ± 0.0015

Shell Diala
A

37

0.024

0.00611 ± 0.0011

0.00869 ± 0.0011

Shell Diala
AX

39

0.018

0.0333 ± 0.0037

0.136 ± 0.019

Relative measurements are also important to mitigate the effect of fluid polymerization on the needle
tip from repetitive Joule heating caused by positive and negative streamers. A polymer coating on the tip
decreases the number of streamers initiated. The effect is more pronounced for the negative streamers, as
the polymer layer essentially increases the barrier width for seed electrons to be injected into the fluid
from Fowler-Nordheim injection to form microbubbles. Figure 7-19 shows the decrease in the number of
positive and negative streamers detected per cycle over time. The data indicate that the number of
streamers initiated decreases dramatically with an increase in the number of PD measurements as a result
of increased polymer thickness on the needle tip. Polishing of the needle tip as described in Chapter 2
helped to stabilize the number of initiated streamers at the number initiated prior to polishing. However,
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after a few hundred measurements and repetitive Joule heating, the rate of decrease in the number of
negative streamers was similar to that before polishing.

Figure 7-19. Decrease in the average number of initiated positive and negative streamers per AC voltage cycle
over time using the same 20 m tungsten needle. The black dotted line indicates polishing of the needle tip
following 880 PD measurements.

7.4.3 Effect of Moisture
Moisture within the dielectric fluid also alters PD characteristics. Similar to carboxylic acids and
alcohols, water can hydrogen bond, which agglomerates many electronegative oxygen atoms in close
proximity to one another. Water has an experimental IP of 12.6 eV [115] and water clusters (H2O)n,
where n is the number of water molecules in the cluster, have been shown to exhibit positive EA values.
In particular, EA increases from 0.75 to 1.92 eV for n=11-69 [170]. High IP has the effect of reducing the
number of initiated positive streamers due to a higher critical field necessary for streamer initiation. The
most noticeable effect is seen with positive EA which reduces the number negative streamers initiated per
voltage cycle, as is shown in Figure 7-20. In practical terms, a large ingress of moisture within the fluid
during normal service operation will most likely be accompanied by oxidation. The results in Chapters 46 showed that trace concentrations of large electron capture cross section additives will have significant
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effects on the PD characteristics of the dielectric fluid and they should outweigh minute moisture
concentrations.

Figure 7-20. Effect of moisture within hexadecane on the average number of positive (left) and negative
(right) streamers initiated per AC cycle. Data are given as an average from 10 measurements based on
Normal statistics with 90% confidence intervals. Moisture was measured with a Doble Moisture-in-Oil
sensor.

7.5 Conclusion
The condition assessment of dielectric fluids is vital for safe and continuous electric power delivery.
Standards for measuring AC breakdown strength of dielectric fluids are used widely, yet these methods
provide only a single parameter metric of insulting fluid condition, whereas based on its multidimensional
nature, PD has potential as a diagnostic of fluid condition which is sensitive to many aspects of fluid
chemistry. The proposed test method allows for the simultaneous acquisition of PDIV, discharge
repetition rate, and PRPD pattern. The correlation of PD characteristics with fluid condition as influenced
by chemical “impurities” introduced by ageing provides an improved basis for condition assessment. A
practical, field-deployable diagnostic test requires the use of AC field, a needle electrode, and a covered
low-field electrode to preclude needle-damaging breakdowns.
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Concluding Remarks
The work conducted in this thesis has shown that the partial discharge (PD) characteristics of
hexadecane are substantially impacted by the presence of chemical impurities. Knowledge of the
correlation in change of PD characteristics due to the chemical nature of the impurities present could
prove vital as an improved test method for the condition assessment of field-aged dielectric fluids. Acids
and copper sulfide are considered to be the most deleterious impurities to dielectric fluid integrity, which
also favorably coincide with the greatest changes in PD characteristics. Even trace concentrations cause
significant changes, which are more easily seen following PD analysis than with the conventional
dielectric breakdown test [3-5] or partial discharge inception voltage [6]. This can be attributed to the
multidimensional nature of PD which is more sensitive to fluid chemistry than measuring a single
parameter metric, which often gives statistically insignificant data.
In order for a PD test method of dielectric fluids to be practically viable, a needle-plane electrode
geometry must be employed with a covered low-field plane electrode to preclude breakdowns which
would damage the needle tip. The covering has been shown to be imperative to obtain PD signatures of
the dielectric fluid being tested. A reproducible method for applying a protective coating upon the plane
electrode to maintain consistent measurements has been developed. In addition, it has been shown with
SEM imaging that the covering allows for many hundreds of measurements to be conducted with the
same needle, as the surface of the needle tip does not significantly alter. The electrode separation should
be kept relatively small to limit the required voltage for streamer development and fluid volume to a
reasonable range. The experiments have shown that the use of a relatively sharp needle tip radius of 20
µm and a 1 cm electrode gap separation allows for adequate streamer development and acquisition of PD
characteristics at a reasonably low voltage magnitude of 30 kV.
Most academic studies on streamer measurements conducted in the past are usually based on impulse
or step waveforms, as these allow the time of the event to be relatively controlled and the effects of space
charge to be largely avoided. Application of AC voltage is favorable to keep a field-deployable
instrument relatively compact and transportable. However, under AC conditions the charge carriers
generated by field emission and field ionization will create a system full of drifting space charge
modifying the electric field distribution at the needle tip and influencing subsequent PD measurements.

145

Furthermore, charge that accumulates on the surface of the covered plane electrode will also influence the
field distribution from the alternating AC waveform due to the 5 s discharge time constant. Future
academic research could be conducted on optimizing the discharge time constant of the covering to be
kept below a voltage cycle (16.7 ms for 60 Hz) or even a half-cycle (8.4 ms) by using the same mixing
method as described in Chapter 2, yet with the addition of a conductive compound. Furthermore,
computational modeling of drifting space charge within the test cell and the effect of bound charge on the
covered plane electrode would be advantageous to better understand the effect on polarity-dependent
streamer initiation under AC conditions as well as the variations in electric field distributions at the needle
tip. Modeling could also be focused on the molecular scale to better understand the rate of ionization,
electron emission, electron attachment, and ion recombination as a function of molecular species within
the base fluid and different naturally occurring degradation impurities.
The majority of the experiments conducted in this thesis mainly focused on hexadecane, a relatively
pure base fluid that was further purified by heating and degassing. Exceptions were experiments
conducted with commercially available paraffinic and naphthenic base fluids in Chapter 7. As there are
many different dielectric fluids used in high voltage fluid filled power delivery apparatus, it is apparent to
the author that the work conducted in this thesis alone will not immediately contribute to a new test
method for dielectric fluid condition assessment. Further practical work must be conducted to see whether
small chemical changes will significantly influence the PD characteristics of field-tested dielectric fluid,
such as transformer oil, which is far from pure and contains a large diversity of molecular species. In
addition, practical research needs to be conducted on other widely used dielectric fluids, which include
ester oils and silicone oil. It is, however, hoped that the work presented in this thesis will lay a foundation
for further academic and practical research towards an improved understanding of the correlation between
changes in PD characteristics and the extent of losses in the insulating and cooling properties of dielectric
fluid as a result of chemical impurities introduced by ageing. The outcome of which may be the proposal
of a new ASTM testing method which combines breakdown and PD data to produce an improved
diagnostic for the condition of dielectric fluid.
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